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ABSTRACT OF THESIS

CALENDULA OFFICINALIS GROWTH AND PRODUCTION OF SECONDARY COMPOUNDS IN
GREENHOUSE AND SOIL-BASED HERBAL ORGANIC PRODUCTION SYSTEMS
Calendula officinalis is a useful model crop because calendula flowers are used both ornamentally
and medicinally. Organic production systems have many challenges; among these is the
synchrony of nitrogen mineralization with the requirements of the crop. Organic greenhouse
substrates have significantly different initial nitrogen levels which influence the performance of
calendula, the highest initial N and plant performance was found in the organic compost peat
substrate (OCP). The addition of supplemental nitrogen improved performance, but only OCP
performed as well as the conventionally fertilized peat-based substrate. The nitrogen
mineralization patterns in a soil-based greenhouse pot experiment showed that highly processed
amendments supplied the highest levels of nitrogen, and that these amendments showed greater
vegetative growth when soil was amended with a high-input amendment, but flower production
was reduced. There was no observed influence of water stress on nitrogen mineralization, but
flowers from water stressed plants had approximately 50% higher concentrations of secondary
compounds than non-stressed flowers. Nitrogen mineralization in organic production systems is
difficult to predict, but highly influences plant productivity and performance.
KEY WORDS: Nitrogen Availability, Secondary Compounds, Organic Agriculture, HSME-GC,
Greenhouse Production
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Chapter One: Introduction to thesis
Floriculture production in the United States’ was estimated to be a 4.13 billion dollar in
2012 (USDA 2013a). Floriculture crops include cut flowers, bedding plants, foliage plants, and
flowering potted plants. Approximately half of all floriculture production occurs in a covered
growing area, such as greenhouses, high tunnels, etc. (Hamrick 2003b), because a greenhouse
creates a protected environment for an expanded growing season and more rapid crop
production (Hammer 2003). In 2012, the covered production area in the leading 15 states
encompassed 6522 ha (USDA 2013a).
Under standard production conditions, greenhouse nutrient management is achieved
either through the use of water-soluble fertilizer or through control release fertilizer, occasionally
used in combination (Bi et al. 2010). In this way, greenhouse systems are high input, depending
upon external products for growing containers, substrates, nutrients, and pest control (Cloyd
2003; Fisher 2003; Wipker et al. 2003; Adams and Fonteno 2003).
With an increasing nation-wide interest in sustainability (Hawkins et al. 2012; Yue et al.
2011), the floriculture industry faces some major challenges to joining the sustainable agriculture
movement which as thus far been led by edible and food crop production (Hawkins et al. 2012).
While sustainable agriculture is an amorphous philosophy, organic agriculture is a specifically
defined system with rules and regulations defined by the USDA (USDA 2010). The floriculture
industry has been slower than other sectors of agriculture to embrace sustainability in the form
of organic production because of a lack of specific guidance from the USDA (USDA 2010), and a
lack of technical information and experience in this area (Treadwell et al. 2011).
The crops to trial the principles of organic greenhouse production should be a crop which
is not only ornamental because the transition to organic production is not clearly delineated, and
because there is a perceived lack of market for organic ornamental plants (Burnett and Stack
2009). There is a market for organic culinary herbs (Succop and Newman 2004). The selection of
a crop which can be both an herbal and an ornamental would be ideal to break into the niche of
organic greenhouse production for ornamental crops.
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Calendula officinalis L. is a perennial plant in the tribe Calenduleae within Asteraceae
(Earle et al. 1964). While it is native to the area surrounding the Mediterranean, it is today and
has been historically grown much more widely (Ao 2007) throughout many temperate zones. The
species has been cultivated since Roman times for its purported general medicinal qualities
(Macht 1955), and today calendula is grown for medicinal/herbal (Matic et al. 2012; Mohammad
and Kashani 2012; Preethi et al. 2009; Preethi and Kuttan 2009), and ornamental uses (Ao 2007;
Alexenizer and Dorn 2007; Clark et al. 2010; Warner and Erwin 2005).
Calendula produced for ornamental use include both cut flowers and potted flowering
plants. While cut flowers and herbs may be grown either in the field (Berimavandi et al. 2011;
Clark et al. 2010; Gazim et al. 2008; Mohammad and Kashani 2012) or in the greenhouse (Hamrick
2003a; Papadopoulos et al. 2000), potted flowering plants are grown almost exclusively in the
greenhouse in a soilless substrate (Hamrick 2003a; Fornes et al. 2007; Warner and Erwin 2005).
The objectives of this study were to investigate the feasibility of organic floriculture
production. The two pronged approach to this study incorporated both the production of
flowering potted plants and of herbal flowers. Because calendula has utility both as a medicinal
herb and as an ornamental floral crop, it is a good candidate for an exploration into organic
floriculture.
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Chapter Two: Introduction to Sustainable and Organic Floriculture
Recent years have seen increasing growth in sustainable agriculture-oriented sectors of
the agricultural economy, including products marketed as “organic,” “sustainable,” and “local”
(Hawkins et al. 2012; Yue et al. 2011). The largest area of growth in these sectors has been in
edible crops and organic food production (Hawkins et al. 2012). The increasing interest in
“greener” alternative production systems is due in part to the increasing body of evidence of the
impacts of agriculture on the environment. For example, chemicals associated with conventional
agriculture have contaminated both surface and ground water, causing environmental harm to
adjoining ecosystems (Bilalis et al. 2009); additionally these chemicals have contributed to the
loss of soil quality (Drinkwater et al. 1995). A move towards sustainable and organic production
will reduce the impact of agriculture on the environment (Drinkwater and Snapp 2007). Further,
market research indicates some consumers embrace organic as a way to use personal
responsibility to reduce these negative impacts in a small way (Bonti-Ankomah and Yiridoe 2006).
Organic foods are also perceived as “healthier” due to decreased pesticide residue levels
compared to conventional foods, as indicated by research demonstrating these products have
lower traces of agrochemical residues (Nelson et al. 2004; Magkos et al. 2003; Bonti-Ankomah
and Yiridoe 2006).
Although growth in the edible crops sector has been notable, adoption of “green”
alternative practices has been comparably less rapid in other sectors of agriculture, such as the
ornamental plants industry. This relatively slower growth has been attributed to a complex set of
factors, including a perceived lack of a market willing to pay a price premium for organic
ornamental crops, as well as production challenges such as fertility management in organic
systems (Burnett and Stack 2009). There is however growing interest in organic nursery and
floriculture crops among consumers and producers, particularly in production of organic
vegetable transplants and potted herbs. Further, there is increased interest in the development
of “greener” production systems for the floriculture industry as a whole. This, however, requires
addressing some key challenges inherent in organic and sustainable greenhouse and floriculture
production. This chapter reviews the existing body of literature on efforts to address the
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sustainability issues in the ornamental greenhouse and floriculture industries, with particular
emphasis on organic production as an example of a “green” production system.

Sustainability in Floriculture
In 1990, the US government passed legislation creating a national definition of
“sustainable agriculture” as: “an integrated system of plant and animal production practices
having a site-specific application that will over the long-term:


Satisfy human food and fiber needs.



Enhance environmental quality and the natural resource base upon which the
agriculture economy depends.



Make the most efficient use of nonrenewable resources and on-farm resources and
integrate, where appropriate, natural biological cycles and controls.



Sustain the economic viability of farm operations.



Enhance the quality of life for farmers and society as a whole. (U.S. Code Title 7, Section
3103)”

For the purposes of this thesis, the term “sustainability” is used as an overarching term that may
incorporate certain production practices, such integrated pest management or resource
conservation approaches, or particular production systems like USDA Certified Organic
Production. That is, sustainability in agriculture is an approach, not necessarily defined as any
particular set of practices, but rather a goal towards the constructing agricultural systems that
maintain the productivity of today’s agricultural operations while not compromising the capacity
for future production.
Increasing the sustainability of floriculture systems involves addressing a number of
interacting, key issues in in in greenhouse, nursery, and field-based production systems. A myriad
of strategic practices have been proposed to mitigate these issues and move the industry towards
increased sustainability.

These key issues and proposed production alternatives are

conceptualized in Figure 2.1. Briefly, these key challenges include the use of energy, water, and
agrichemicals. The floriculture industry is heavily reliant on plastics, specifically in the use of pots
for nursery and greenhouse production (Levitan and Barros 2003). The use of biodegradable pots,
4

for example, has been shown to be viable alternatives for the industry to reduce the dependence
upon plastics (Koeser et al. 2013a). Energetic inputs in greenhouse systems can be a significant
portion of the ecological “footprint” of production systems, (Schramski et al., in press). Growing
crops at lower temperatures can minimize heating costs while still producing a high quality crop
(Burnett et al. 2011). The extensive use of water in floriculture systems may be mitigated through
efficient irrigation technologies, but may be difficult to manage especially in conjunction with
other sustainable practices like the use of biodegradable pots (Koeser et al. 2013b), Illustrating
the complex nature in which sustainable production systems must be constructed and managed.
The use of pesticides can be minimized by embracing the targeted applications as
recommended by integrated pest management (IPM) (Cloyd 2003) and biological approaches,
although greenhouse floriculture systems in particular are heavy users of synthetic pesticides.
Other heavy agrichemical use in floriculture systems is in the form of synthetic fertilizers. The
impact of these agrichemicals is both costly to the producer and can lead to direct health hazards
both for humans (workers and consumers) and animals near production sites, off-site losses
(contaminating both surface and groundwater), and declining soil productivity in field-based
systems(Parr et al. 1990).
Sustainable nutrient management practices will be investigated in this thesis. While there
are many approaches to sustainable nutrient management, organic nutrient management was
selected because it is a defined system with rules outlined by the USDA-NOP (National Organic
Program) (USDA 2010), and provides a more concrete foundation for experimental design than
“sustainable” production systems. Further, organic production is rapidly growing sector of the
agricultural economy in both direct and wholesale markets, and so is applicable to a wide range
of producers. Particular focus is directed on organic nitrogen management and its influence both
on the primary and secondary plant productivity of our floriculture model crop Calendula.

5

Figure 2.1 Conceptual model outlining key challenges to sustainability in floriculture production and strategies and systems which have been
developed to help drive towards sustainability.
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Organic production systems
Organic production systems eliminate the use of synthetic fertilizers, requiring that
sources of nutrients in a certified organic system be derived from plant, animal or low solubility
mineral forms (USDA 2013b). Organic systems have been shown to enhance soil quality
(Drinkwater et al. 1995; Herencia et al. 2011; Watson et al. 2002) and reduce runoff and
contamination of sources of water (Gaskell and Smith 2007). It is hypothesized that reduced
nutrient losses in organic systems are a function of higher rates of internal nutrient recycling in
the biologically-based systems (Gliessman 2006). However, the “sustainability” of organic
production systems is a subject of debate, specifically in regard to the quantity and nature of
inputs allowed in certified organic production.
Organic nitrogen management
The quantity and source of nutrient inputs for organic fertilizers can vary from “high
input,” including highly refined, manufactured commercial products, to “low input,” including
more locally-resourced, lesser refined materials (manures, composts, etc.). Low input systems
attempt to reduce the use of external resources (i.e. those not from the farm on which they are
going to be used) by optimizing the use and management of internal resources while still obtaining
acceptable crop yields (Parr et al. 1990). Incorporation of low-input strategies into organic
farming systems has been suggested to be more environmentally friendly and ultimately more
sustainable than the conventional systems (Thorup-Kristensen et al. 2012). High input organic
systems are structured most similarly to a conventional system, with organic inputs substituted
for conventional inputs, for example including processed fertilizers such as pelletized chicken
manure, mined Chilean sodium nitrate (NaNO3), fish emulsion, or processed byproducts from
animal production like feather or blood meal. Although high input amendments may function
similarly to inputs in a conventional system and streamline the transition to organic production,
they are costly and the sustainability of such inputs may be called into question.
In biologically-based amendments (suitable for use in an organic production system), a
large portion of nutrients are immobilized in the biomass of the applied material, including
microbes and the decomposing amendment. Nutrients in these immobilized forms must be
mineralized to the inorganic forms of nitrogen (nitrate (NO3-) and ammonium (NH4+)) to be utilized
by plants through the process of decomposition, as plants are unable to utilize nutrients directly
in organic forms.
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This decomposition is largely microbially-mediated, and is affected by various climatic and
edaphic factors including biological activity in the amendments (Myrold 2005), soil temperature,
soil moisture, and tillage practices (Agehara and Warncke 2005; Drinkwater and Snapp 2007;
Gaskell 2006; Gaskell and Smith 2007; Treadwell et al. 2007). Because the availability of nitrogen
for plant uptake is influenced by this complex set of factors, it may be difficult to predict and
supply in adequate amounts at critical periods of plant growth in organic production systems
(Gaskell 2006; Gaskell and Smith 2007; Hartz et al. 2010). Nitrogen in particular is one of the most
challenging nutrients to efficiently manage in an organic production system: inefficient
application is costly and could lead to off-site impacts such as contamination of waterways
(Gaskell and Smith 2007). For these economic and environmental reasons, there is a growing
body of literature examining nitrogen dynamics in organic production systems.
The chemical and physical properties (the “quality”) of organic amendments has a strong
influence on the rate of decomposition and subsequent mineralization rates. Sodium nitrate
(“Chilean nitrate”) is the only mineral source of nitrogen approved for certified organic production
systems. This seabird guano is mined from coastal areas and is in mineral (NaNO 3) form and is
immediately available to crop plants. The majority of other inputs in certified organic production
systems are more biochemically complex, and although they may have some nitrogen available
in ionic forms (NH4+ and NO3-), the majority of nutrients must be mineralized through the
decomposition produces. The majority of nitrogen from high nitrogen (and high input) sources,
such as seabird guano, hydrolyzed fish powder, feather meal and blood meal, have been shown
to be mineralized within 14 days after application (Hartz and Johnstone 2006). These materials
have a low carbon to nitrogen ratio, and the nitrogen is present in both inorganic and readily
decomposable (biochemically simple) forms. Given the relatively high cost of these materials,
Hartz and Johnstone (2006) suggest these materials may be most appropriate for use at times of
peak nutrient requirements of the crop to minimize losses to the environment. In general, animalbased fertilizers may be more readily available than plant-based fertilizers. In more recent work,
Hartz et al. (2010) found mineralization of nitrogen from animal-based liquid organic fertilizers
was earlier than that from plant-based organic liquid fertilizers, likely because of the more
complicated forms of nitrogen present in plant-based fertilizers. In either case, both animal and
plant-based organic fertilizers can be relied upon to provide a relatively quick burst of nitrogen
for the crop, and offer more sustainable alternatives Chilean nitrate and may reduce the demand
and dependence on this mined resource (Hartz et al. 2010).
8

Temperature and moisture are also large drivers on microbial metabolism and
subsequent decomposition rates. These abiotic factors drive decomposition in complex, often
interacting ways. For example, in a sustainable vineyard (conventional and organic) only changes
in soil temperature were directly correlated to the availability of nitrogen because of increased
mineralization. The direct relationship between soil temperature and mineralization was so
strong that thermal modeling was able to predict the accumulation of degree days after the
incorporation of material which corresponds to peak inorganic nitrogen availability (Davenport et
al. 2012). A flush of N mineralization often accompanies a soil disruption, thawing and warming,
or rewetting after a dry season (Cassman et al. 2002). N mineralization rates were higher at higher
temperatures, and in soils with higher water content (Schroth et al. 2001; Zaman and Chang
2004). The lack of correlation between soil moisture and nitrogen mineralization in the vineyard
might have been due to the irrigation required for grape production resulting in the relatively
constant soil moisture (Davenport et al. 2012).
Although scientific research takes the approach of mechanistically understanding
nitrogen availability from organic amendments, from a management perspective, fertility in
organic farming systems is generally managed from a “whole systems” perspective. In general,
organic farming systems take a holistic approach to managing sustained soil fertility by focusing
on improving a suite of parameters associated with soil quality. Such approaches to “feed the
soil” (Magdoff and Van Es, 2009) include the use of high biomass cover crops, rotation, use of
biological sources of fertility, timely and appropriate tillage, etc. As a result of this type of
management, long-term comparisons between soil properties under organic and conventional
management show that sustainable practices (organic amendment and reduced tillage) used in
the organic system increases soil quality including increased organic carbon, water retention, and
aggregate stability, as well as decreased bulk density. These trends have been attributed to the
fact that organic management builds the soil organic material (SOM) rather than relying on shortterm patches of soluble fertilizer (Drinkwater et al. 1995; Watson et al. 2002). Further, they are
similar in both outdoor soils and soils managed in a soil-based greenhouse (Herencia et al. 2011).

Floriculture Greenhouse Systems
The floriculture greenhouse industry has seen a slower adoption of “green” production
practices, relative to field production (Burnett and Stack, 2009; Treadwell et al. 2011). This is
9

likely due in part to a perceived lack of a market for sustainably produced ornamentals in
combination with the inherent challenges of organic fertility management in the greenhouse
(Burnett and Stack, 2009). There is also the perception that the slow transition to organic in
greenhouse systems is due to the combined dearth of specific regulatory language on the topic
from the USDA (USDA 2010) and of technical information and experience in this area (Treadwell
et al. 2011).
Further, the nature of the “controlled environment” in greenhouse floriculture systems is
input-intensive, which may make sustainable and organic production a challenge. As most of the
crops in floriculture systems are designed to be transplanted into landscapes or grown on
greenhouse benches, the bulk of floriculture production in greenhouses is container-based. As
such, the industry has departed from soil-based growing systems and developed artificial growing
substrates which provide better aeration and drainage for a healthy root zone and are sterile in
order to control disease and fertility (Adams and Fonteno 2003). A typical greenhouse substrate
is comprised of peat moss, pine bark, and additional aggregates like vermiculite or perlite, a
wetting agent, and starter nutrients (Adams and Fonteno 2003; Bailey et al. 2002). While
substrates are not typically sterilized, they are comprised of substances which are inherently free
of microbes; the exception may be composted barks which because of the composting process
can have some disease suppressive qualities (Adams and Fonteno 2003). Drainage is particularly
important in container production because unlike field production where there is the whole soil
profile which is part of the water table and aids in drainage, the container environment is a
perched water table; that is there is a portion of the substrate which remains wet after irrigation
and drainage. (Adams and Fonteno 2003; Bailey et al. 2002).
Drainage is improved with the addition of aggregates in the form of vermiculite or perlite.
Because of the inherent low pH of peat, dolomitic limestone is typically incorporated (in addition
to leveling pH, contributes calcium and magnesium). Peat is naturally hydrophobic, so a wetting
agent is important to ensure proper wetting and water retention. A starting nutrient charge is
also often added (Adams and Fonteno 2003).

Growers typically do not rely wholly on

incorporated nutrients and rather rely on a constant liquid feed consisting of water soluble
chemical fertilizer in the irrigation water. In this way plants receive both nutrients and water in
one action. Growers try to coordinate the nutrient needs of the crop with level of fertilization.
Because the chemical fertilizer is immediately available they can correct for deficient quickly, but
10

because the plants are fertilized with every irrigation event, there is a tendency to over fertilize.
Nutrient status of crop is monitored by regularly checking the pH and electrical conductivity (EC),
which is a measure of the soluble salts in the substrate solution (Adams and Fonteno 2003; Bailey
et al. 2002; Camberato et al. 2009). To summarize, the input-intensive approach in greenhouse
floriculture systems requires a mechanistic understanding of every component of the system.
This is perhaps a more nuanced understanding of the interacting factors in the production systems
than may be typical in sustainable and organic field-based systems that rely more on natural cycles
and systems. As such, organic greenhouse systems are a unique challenge for producers.
Organic greenhouse systems
Soilless substrates are at the foundation of any greenhouse system.

An organic

greenhouse production system prohibits substrates from having chemical/synthetic components
(including nutrient charges or wetting agents), and are typically comprised of compost,
composted pine bark, sphagnum (or other forms) peat moss, perlite, vermiculite, dolomitic
limestone, and organic fertilizers. The mineralization of nitrogen from organic fertilizers in organic
greenhouse substrates can be widely variable based on the form and nitrogen content of the
fertilizer. Further, some sources of nitrogen can alter the pH and/or EC outside of acceptable
ranges for plant growth (Kuepper and Everett 2010). The variable mineralization rate in a
greenhouse container setting can be even more problematic than in a field setting because of the
reduced buffering in the smaller root zone of a containerized plant (Adams and Fonteno 2003).
As in conventional soilless substrates, organic soilless substrates may incorporate perlite
or vermiculite to improve porosity. Unlike conventional substrates, organic soilless substrates
may incorporate composts and other organic wastes into greenhouse substrates can improve
both porosity and water holding capacity (Zhai et al. 2009). Further, the addition of compost to
greenhouse substrates is generally believed to improve substrate physical properties, including
increasing pH, cation exchange capacity (CEC), and nutrient levels (Kraus et al. 2000). Composts
may contribute to the sustainability of greenhouse substrates, for example, improving water
efficiency (moisture holding capacity) due to the small particle size (Treadwell et al. 2007) , as well
as reducing the reliance on peat and other nonrenewable resources (Zhang et al. 2012). To date,
there is a limited body of literature on the production of greenhouse crops.
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Organic Greenhouse research
Vegetable transplants
While there has been only limited work on the production of organic greenhouse crops,
a growing body of work has been conducted evaluating greenhouse systems to propagate plants
for field production (Russo 2006, 2005). The production of organic vegetable transplants is an
important step in organic vegetable production. There have been some problems with the quality
and consistency of these transplants in some cases. Organic nutrients can easily fulfill the
nutritional requirements of crops with low nutritional needs, like watermelon transplants (Russo
2005). Longer-term transplants or those with higher nutrient needs are more difficult to manage:
organically managed pepper transplants were found to be of variable height, which is not suitable
for mechanical transplanting (Russo 2006) and both pepper and onion transplants required
between 24 and 34 additional days in production when managed organically before they were of
suitable size. The authors attribute this variation to faulty recommendations leading to an
asynchrony between crop need and nutrient availability which resulted in excessively high EC
levels (Russo 2006, 2005).
The size of vegetable transplants, but especially the height of transplants, is important if
they are going to be mechanically planted. Russo demonstrated that the height of bell pepper
transplants was highly variable depending upon the frequency and rate of organic fertigation
(Russo 2006). When maintained conventionally, the initial substrate did not influence the size of
organically produced transplants, whilst organically produced onion transplants did vary based on
production substrate (Russo 2005). In general, research in organic transplant systems has focused
on plant productivity, microbial activity, and basic substrate properties (Treadwell et al. 2007). In
general, this work has demonstrated that organic substrates and supplemental fertility provide
sufficient nutrients when crop nutrient demand is low and/or the transplants have a short
production cycle (Russo 2005), while longer-term transplants or those with greater nutrient needs
are more difficult to manage (Russo 2006, 2005).
Organic hydroponic production
A variation on plant production in containers in the greenhouse is hydroponic production.
There has been some concern that the philosophies of organic and hydroponics do not mesh well
given the importance of soil in an organic system (Atkin and Nichols 2003). In practice,
conventional hydroponic lettuce was 200% heavier than organic hydroponic lettuce (Atkin and
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Nichols 2003). This raised the concern that perhaps nutrients were not mineralizing in the
hydroponic system because of a lack of suitable microbes (Shinohara et al. 2011).

The

innoculation and incubation of an organic hydropoic solution with soil microbes prior to
application produced plants of equal size to conventionally produced plants (Shinohara et al.
2011). This is most appropriate for long-term crops, and is often used to grow off-season
vegetables and herbs for local, cut-fresh sale (Treadwell et al. 2007; Treadwell et al. 2006;
Treadwell et al. 2011; Succop and Newman 2004; Shinohara et al. 2011; Zhai et al. 2009).
Organic hydroponic production systems have been shown to be viable for tomatoes (Zhai
et al. 2009) and herbs (Succop and Newman 2004; Treadwell et al. 2007; Treadwell et al. 2006;
Treadwell et al. 2011). Organic hydroponic basil in a well-aerated substrate was shown to have
higher yields than conventional counterparts while basil in a substrate with lower aeration had
significantly lower yields, possibly due to a decline in the microbial activity in this substrate
(Succop and Newman 2004). Hydroponic tomatoes planted in a peat-perlite substrate enriched
with compost in conjunction with a low rate of organic liquid nutrient solution were shown to
have similar yields as tomatoes in a peat-perlite substrate and a standard hydroponic formulation
(Zhai et al. 2009).
Organic flowering crops
While the bulk of work in organic greenhouse nutrient management has been on various
edible crops, there has been some work done on the organic production of marigold (Tagetes
patula L. ‘Janie Deep Orange’) (Bi et al. 2010). A single conventional substrate was amended with
one of two organic fertilizers or a conventional controlled release fertilizer (Bi et al. 2010). The
higher rates of organic fertilizer reduced biomass and root quality, perhaps associated with EC
levels significantly higher than recommended for this crop. This result was in accord with the
observation that excessive levels of organic fertilizer can lead to depressed growth (Bi et al. 2010).
The diversity of organic fertilizers can make the development of a precise and efficient fertilization
program difficult (Bi et al. 2010). There has also been some work trialing several organic
substrates used in combination with liquid organic fertilizer, which has shown that these products
can produce high quality crops, but that they can be up to ten times more expensive than crops
produced with conventional fertilizers (Burnett et al. 2011). Regardless of the nutrient source, it
is very important for the nutrient release from the organic fertilizer be synchronized with the
crop’s nutrient needs (Treadwell et al. 2007).
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Microbial diversity and its beneficial effects
The increased microbial diversity in a soil or substrate amended with an organic source of
nitrogen can have interesting effects beyond providing inorganic nitrogen to the crop. The
addition of fish emulsion to a peat-based potting substrate 7 days before planting has been shown
to protect radish and cucumber seedlings from damping-off as well as providing nutrients. A
nutrient analysis of the plants showed that the plants receiving fish emulsion were comparable to
those receiving a conventional fertilizer. The conventional plants however exhibited no disease
suppression activity, so it is likely not a nutritionally-caused phenomenon. Because the diseasesuppressive effect of the fish emulsion was heightened over time, and corresponded to an
increase in microbial activity, the authors theorize that this drove the suppression of soil borne
pathogens even in peat-based substrate which are prone to these diseases (Abbasi et al. 2004;
Krause et al. 2001; Nelson and Hoitink 1982). The fish emulsion showed no inherent toxicity to
the pathogens, it seemed rather to disrupt the favorable environment for the disease after an
incubation period of 5-7 days (Abbasi et al. 2004). Similar phenomenon has been observed when
amending greenhouse substrates with compost (Zhai et al. 2009).

These observations

demonstrate the complex, often unpredictable, interactions between the abiotic and biotic
components of organic production systems. Improved understanding of these factors and how
to manage for them may increase the ability of organic systems to weather disturbances in the
growing environment, such as disease and drought, as well as how best to manage disturbance
for improved plant production.

Plant Stress
Interactions between drought stress, nutrient supply, and plant production are
particularly important in production systems utilizing biological sources of fertility for the bulk of
the plant nutrient supply, such as USDA Certified Organic Production. These interactions may
create limiting factors to overall plant production, but may have secondary effects to change, and
potentially improve, aspects of plant quality.
For example, organically-produced herbs have been shown to differ in quality from
conventionally produced herbs. These qualities include essential oil content, biomass, height,
development, and vigor (Succop and Newman 2004). This may be due, in part, to nutrient
deficiency induced in the organic plant. Nitrogen deficiency has been shown to enhance the
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synthesis of secondary chemicals including antioxidants in many herbal plants (Chand et al. 2011;
Nourimand et al. 2012; Siddiqui et al. 2011).
Although drought and water stress are detrimental to plant health and productivity, in
floriculture systems, water stress may increase the synthesis of secondary compounds of
economic importance, such as those found in essential oil, making the oil more potent. In general,
literature has shown that periods of drought stress increase secondary metabolite
(pharmaceutically active compounds) production in medicinal plants (Gray et al. 2003; Bettaieb
Rebey et al. 2012; Liu et al. 2011; de Abreu and Mazzafera 2005; Selmar and Kleinwaechter 2013;
Selmar 2008). Drought has been observed to cause a reallocation of carbon leading to reduced
growth, but overall increased concentrations of secondary metabolites (de Abreu and Mazzafera
2005; Nogues et al. 1998; Liu et al. 2011). This suggests that the plant response to drought stress
is more intricate than simply a reduction of biomass with the production of the same amount of
secondary compounds meaning that compounds are less dilute in drought stressed plants (Selmar
and Kleinwaechter 2013). More specifically, the stress associated with drought increases in the
levels of antioxidants including phenolics and the precursor of terpenes, both compounds known
to scavenge and protect the plant from reactive oxygen species (ROS) which result when drought
stressed plants are unable to dissipate surplus absorbed energy. Phenolic concentration was
negatively correlated with accumulation of biomass (de Abreu and Mazzafera 2005; Selmar and
Kleinwaechter 2013).

Calendula as floriculture model
Calendula (Calendula officianilis) has been cultivated since Roman times for its purported
medicinal properties (Macht 1955). It has recently come back into the spotlight as a medical herb
with reports of anti-microbial (Mohammad and Kashani 2012), anti-viral (Kalvatchev et al. 1997),
anti-tumor (Matic et al. 2012), and anti-inflammatory (Preethi et al. 2009; Preethi and Kuttan
2009) effects. Calendula grows indigenously throughout Europe, but it is believed to have
originated in Egypt (Mohammad and Kashani 2012), and is currently grown for medicinal purposes
largely in Europe and the Middle East (Rahmani et al. 2011; Taherkhani et al. 2011; Szwejkowska
and Bielski 2012; Król 2011; Hussain et al. 2011; Khalid and Teixeira da Silva 2010). Phytochemical
concentration of calendula can be influenced by growing environment and conditions including
the site (Hussain et al. 2011) and planting density, which was found to increase both the number
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of flowers (at low densities) and essential oil concentration (at density up to 60 plants/m2)
(Berimavandi et al. 2011).
Greenhouse-grown calendula have utility as a flowering potted plant, as cut flowers, and
as an herbal crop (Hamrick 2003a; Fornes et al. 2007; Papadopoulos et al. 2000; Warner and Erwin
2005). They require moderate levels of fertility and do best with a moderate pH (6.0-6.5). They
prefer low to moderate temperatures (14-17°C day or 13-14°C night). They will reportedly die out
in a summer garden in the northern United States, but can easily reseed themselves in the fall
(Hamrick 2003a). As such, calendula lends itself to both field-based and greenhouse floriculture
as a model crop that is relatively easy to grow but with broad applicability as both an ornamental
and medicinal plant.

Objective
This thesis will investigate the interactions between organic nitrogen and other
environmental stimuli—including available water, nutrient quality, and source, while observing
the influence on plant productivity and chemistry using calendula as a model crop.
The second chapter is an examination of the organic greenhouse system in the production
of an ornamental flowering crop. More specifically, it uses commercially available organic
greenhouse substrates and organic liquid fertilizer to determine if plants produced in an organic
system are comparable to those produced in a conventional system. Further, the influence of
substrate on the nitrogen availability both from the starter nutrient charge of the substrate and
from supplemental liquid fertilizer is examined.
The third chapter moves from greenhouse substrates and liquid fertilizers to organically
managed field soil and granular/control-release amendments, though still in pots in the
greenhouse. Specifically, it will investigate the impact of input system and water stress on the
soil inorganic N and how this influences the primary productivity of calendula. The secondary
productivity of calendula is assessed to determine if either production system or water stress
influences
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Chapter Three: Nitrogen availability and plant productivity in commercially available organic
greenhouse substrates
Introduction
Consumer interest in “organic,” “sustainable,” and “local” products is well-documented
and is a rapidly growing sector of the agricultural economy (Hawkins et al. 2012; Yue et al. 2011).
Of these “green” production systems, the largest avenue of growth has been in organic
production, and specifically in edible crops and other organic foods (Hawkins et al. 2012).
Adoption of such production practices has been slower in the ornamental plant and container
greenhouse industry, likely due to a perceived lack of a market as well as the inherent challenges
of nutrient management in an organic greenhouse setting (Burnett and Stack 2009).
Organic greenhouse nutrient management
The limited amount of work that has been conducted in organic greenhouse systems has
focused on vegetable and herb transplants to be used in field-based systems (Russo 2005, 2006).
Research has focused on plant productivity, microbial activity, and basic substrate properties
(Treadwell et al. 2007). In general, organic substrates and supplemental fertility provide sufficient
nutrients when crop nutrient demand is low and/or the transplants have a short production cycle,
(Russo 2005), while fertility of longer-term transplants or those with greater nutrient needs has
proven to be more difficult to manage (Russo 2005, 2006).
Limited work has been conducted in organic ornamental production systems (Bi et al.
2010; Burnett et al. 2011). Although these studies indicate that high quality crops can be
produced using organic fertilizers, organic fertilizers are 5-10 times more costly than their
conventional counterparts (Burnett et al. 2011), and may vary in quality and can lead to negative
effects on substrate properties such as electrical conductivity (EC) (Bi et al. 2010).
The difficulty in consistent, reliable fertility in organic greenhouse production systems is
due, in part, to the nature of fertility in organic production systems. Nutrients in organic systems
must be derived from plant, animal or low solubility mineral forms (USDA 2013). In order for
nutrients to be provided in plant-available forms, they must be mineralized from the substrate via
microbial decomposition.

These processes are influenced by many environmental factors

including moisture and temperature (Drinkwater and Snapp 2007; Treadwell et al. 2007). This
means nutrient availability, particularly nitrogen, may be difficult to predict and supply in
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predictable amounts at critical periods of plant growth in organic production systems (Gaskell
2006; Gaskell and Smith 2007; Hartz et al. 2010). This may be particularly challenging in
greenhouse systems, where production systems are designed for application of nutrients in plant
available (inorganic) forms, where nutrients are immediately made available to the plant via a
water soluble fertilizer or more rarely a control release fertilizer.
In organic greenhouse production systems, substrates are prohibited from including
chemical/synthetic components.

Organic substrates are typically comprised of compost,

composted pine bark, sphagnum (or other forms) peat moss, perlite, vermiculite, dolomitic
limestone, and organic fertilizers (e.g. dried manures, kelp meal, bat or seabird guano, etc.). As
inputs in an organic production system must be from natural components, alternatives to
conventional nutrient charges and wetting agents must be used. The nutrient content, release
rate, and degradation rates of these alternative components is widely variable. Further, when
used in combination with liquid organic fertilizers used to supplement fertility in organic
greenhouse systems, may have undesired effects such as altering the pH or increase the EC
outside acceptable ranges (Kuepper and Everett 2010).
The majority of work in organic greenhouse systems has focused on the plant response
to organic management, mostly in the production of vegetable transplants (Russo 2006, 2005)
and herbal crops (Treadwell et al. 2007; Treadwell et al. 2006; Treadwell et al. 2011; Succop and
Newman 2004). There is a growing body of literature on high input (highly available) organic
fertility sources (e.g. Hartz et al. 2010). However, comparatively few papers have examined the
nutrient dynamics in organic greenhouse systems, and especially the interaction of nutrient
availability with plant productivity, rather the plant and soil components of the system are viewed
separately. Works examining the plant-substrate interaction are needed, as variation in plant
productivity is often attributed to an asynchrony between N mineralization and crop
requirements, which can be exacerbated by faulty recommendations of application rates.
This study was undertaken to observe the influence of different substrates designed for
organic greenhouse production on both the mineralization of nitrogen and plant productivity of
calendula (Calendula officinalis L.). Because the N mineralization and plant productivity were
measured from the same pot, direct relationships may be observed. Additionally, this study had
the objective of comparing the organic substrates (in combination with organic liquid fertilizer) to
a conventional greenhouse substrate. Calendula was selected for its utility as an ornamental,
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edible, and herbal flower crop, and thus has applicability to a number of horticultural enterprises.
It may be grown in a greenhouse as a flowering potted plant as well as for cut flowers and herbal
use (Clark et al. 2010; Hamrick 2003a; Fornes et al. 2007; Papadopoulos et al. 2000; Warner and
Erwin 2005). As a model crop, it matures quickly (average 55 days after transplant, (Fornes et al.
2007) requires moderate levels of nutrients, a moderate pH (Hamrick 2003a), and is sensitive to
salt stress and abiotic factors such as temperature (Fornes et al. 2007; Warner and Erwin 2005).

Methods & Materials
Two calendula (Calendula officinalis) cultivars were selected for this study.

One

ornamental (‘Sunshine Flashback’ (Flashback)) is shorter in stature with fewer days to bloom (1824”, 55 days to maturity) and an herbal cultivar (‘Alpha’ (Alpha)), a taller selection requiring more
days to bloom (24”-30”, 60 days to maturity) that is grown for high resin content used for
medicinal purposes. Plants in organic treatments were grown according to the USDA National
Organic Program (NOP) guidelines (USDA 2013), and managed using OMRI-approved greenhouse
substrates and fertilizer. Plants were propagated as plugs in 200-cell plug trays filled with either
an organic or a conventional substrate. Plugs were irrigated with clear water as needed. Plugs
were transplanted to 1.1 L pots 25 days after seeding. Three commercial organic substrates were
selected for analysis for this project: Organic peat (OP) (Fafard FOF 30, Sun Gro Horticulture,
Agawam, MA), Organic peat-bark (OPB) (Sunshine #1 Natural & Organic, Sun Gro Horticulture,
Agawam, MA), Organic compost-peat (OCP) (Fertrell Special mix, Fertrell Co., Bainbridge, PA).
These substrates were compared to a single conventional substrate: Conventional peat (CP)
(Fafard 2, Sun Gro Horticulture, Agawam, MA). The substrates are described in Table 3.1 along
with the initial analysis (pH from saturated paste, and nutrient concentrations from removed
water) from the Division of Regulatory Services Laboratory at the University of Kentucky
(Lexington, KY). Pots were arranged in a completely randomized design, with a single border row
of pots encircling the experimental treatments. Four plants per treatment were sampled on each
sampling date. Throughout the experiment the greenhouse was maintained at a 28/15.5°C
day/night regime. The average daily light integral (DLI) was 10.5 MJ/m2.
Plants were watered as needed with clear water until just leaching. Once weekly
supplemental liquid fertilizer was applied at two levels, either 250 mL of 100 mg·L–1 nitrogen once
weekly or 250 mL of clear water (no supplemental nitrogen). Organic plants received Daniels®
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Pinnacle 3-1-1 (3N-0.4P-0.8K) (Ball DP Foods, Sherman, TX), an OMRI-approved fertilizer, with a
nitrogen source derived from oilseed and Chilean sodium nitrate. The organic liquid fertilizer was
selected after screening several liquid organic fertilizers for ease of dilution and consistency in EC
and pH over the course of the 8 week experiment in a single substrate (data not shown).
Conventional plants received Peters Excel Multi-Purpose 21-5-20 (21N-2.2P-16.6K) (Scotts,
Maysville, OH).
Substrates and plants were sampled 34 days after transplant (DAT), and every 14 days
thereafter, until plants in half of the treatments were considered market-ready (i.e. flowering).
Plant and substrate sampling occurred three days after a fertilization event, and before a clear
water irrigation. Substrate EC was measured using a Field Scout Direct Soil EC Meter and pH was
measured using an IQ 150 pH Meter (Spectrum Technologies, Plainfield, IL). Substrate inorganic
N was measured from a subsample of substrate by extraction in 1 M potassium chloride (KCl) (Rice
et al. 1984). Samples were filtered, and analyzed for NH4+-N and NO3--N by colorimetric analysis
on a microplate reader (Molecular Devices, VERSAmax Sunnyvale, CA), after NO3- samples had
been reduced using a cadmium reduction device (ParaTechs Co., Lexington, KY) (Crutchfield and
Grove 2011).
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Table 3.1 Description and characterization of greenhouse substrates evaluated in this study with their initial official analyses
Substrate

Ingredients

Characteristic
pH

Canadian Sphagnum peat moss, coarse 6.30
Organic peat (OP)

ECz

NO3y

Py

Ky

Cay

Mgy

By

Nay

2.4

83

79

312

103

57

0

155

3.6

4

38

341

96

92

0

121

2.5

96

4

157

148

116

0

97

0.9

29

5

45

48

48

0
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perlite, organic starter nutrient charge,
Gypsum, dolomitic limestone

Organic peat-bark
(OPB)

Sphagnum Peat Moss (55%), aged pine bark, 7.13
perlite, vermiculite, Dolomitic limestone,
Gypsum, organic fertilizer
Chicken manure, Aragonite (raw), Bone char, 5.70
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Organic compostpeat (OCP)

Green sand, Peanut meal, Sulfate & potash,
Sodium nitrate, Sulfur, Peat moss, Pine bark,
Vermiculite, Perlite, Limestone, Proprietary
ingredients

Conventional peat
(CP)
z

mmho·cm–1; y mg·L–1

Sphagnum

Peat

Moss

(75%),

perlite, 6.27

vermiculite, starter nutrients, wetting agent,
Dolomitic limestone

Plant height, leaf count and presence of flowers and/or buds data were collected. Stem
nitrate (NO3--N) was measured by harvesting the plant at the level of the substrate, and extracting
the sap from the bottom 2.5 cm of the plant using a plant sap press. Stem NO3- was measured
using a Laqua Twin Nitrate Meter (Spectrum Technologies, Plainfield, IL). Shoots were dried in a
60 C oven for 24 hours or until a constant mass was achieved, and weighed for dry biomass.
Throughout the experiment, the date of first flower was noted for each plant. At each
sampling date, four randomly selected plants from each treatment were selected for destructive
harvest, and the remaining plants were re-randomized.
Data were analyzed using the General Linear Model (GLM) of SAS version 9.3 (SAS
Institute, Cary, NC). Comparisons between treatment means were conducted using Tukey’s
honestly significant difference test at α<0.05. All results were compared to the conventional
system as a control using Dunnett’s test. Relationships between substrate parameters and plant
growth were analyzed using the Regression (REG) procedure of SAS. Flowering data was analyzed
using the logistic function.

Results & Discussion
EC & pH
The EC and pH did not differ significantly between substrates, fertilizer type or rate, time
or any interactions therein. As previous work suggested that organic substrates and liquid
fertilizers may acidify substrates and elevate EC (Bi et al. 2010), the liquid fertilizer and substrates
selected for this study were screened in previous work and selected due to the minimal impact
on these properties. Because there was no influence of substrate or fertilizer on either the EC or
pH, we can conclude that while there have been problems with commercial organic greenhouse
products, products are currently available that are able to sustain a crop without negatively
impacting the substrate.
Total inorganic N
The combined inorganic N (NO3--N + NH4+-N) extracted from the substrate was
significantly influenced by the substrate and time, and the interaction between substrate and
time (Appendix A.1). Total inorganic N had a significant declining trend over the course of the
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experiment regardless of substrate, rate, or cultivar, which reflects a depletion of an initial “starter
charge” in organic substrates, even with the addition of supplemental fertilizer. Inorganic N
decreased over time when averaged over substrate, rate, and cultivar. When averaged across all
sampling dates, both OPB and OP had inorganic N levels similar to the CP-control, while OCP had
a total inorganic N content that was significantly higher than the CP-control and the other organic
substrates. Each sampling date is examined individually in more depth below.
The substrate by time interaction significantly impacted the total inorganic N (Appendix
A.1 & Figure 4.1). On the initiation of the experiment, each of the organic substrates were
distinct from the CP-control: OCP was significantly greater than the control (1328 mg·L–1 N
compared to 333 mg·L–1 N). OPB and OP were lower than the control (31 and 115 mg·L–1 N,
respectively). . Over time, the inorganic N content of each substrate declined significantly. OPB
experienced a significant increase at 34 DAT to 75 mg·L–1 N, and then began to decline with the
other substrates, until 62 DAT at which point all substrates had similar extremely low N levels.
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Figure 3.1 Substrate inorganic nitrogen content in each substrate (CP (Conventional Peat), OCP
(Organic Compost Peat), OPB (Organic Peat Bark), OP (Organic Peat)) on 0, 34, 48, and 62 days
after transplant(+ SE)
Means with the same letter within a substrate are similar at p<0.05
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At 34 DAT there was significantly less N in each substrate except OPB. At 34 DAT, there
was a significant substrate x fertilizer interaction, which drives the trend. Unfertilized organic
substrates were all similar to the CP-0 control. Fertilized OP was the only organic substrate to
have a similar N level to the CP-100 control 34 DAT. Both OPB and OCP were higher than the CP100 control. Fertilized OPB had the highest N level at 34 DAT (142 mg·L–1 N). Fertilized OCP had
an N level significantly smaller than fertilized OPB (90 mg·L–1 N). Fertilized OP was significantly
lower than both fertilized OPB and OCP, but was significant to unfertilized OCP, OPB, and OP. At
48 DAT N levels continued to decline in all substrates. All unfertilized organic substrates had an
N level similar to the CP-0 control, and only fertilized OPB had N level greater than the CP-100
control. Unfertilized organic substrates had similar N levels. Fertilized OPB had the highest N
level (35 mg·L–1 N) while fertilized OCP and OP were lower and similar to each other (12 and 10
mg·L–1 N, respectively). By the end of the experiment (62 DAT), there was no significant substrate
effect for either cultivar on substrate N. All substrates had N levels equal to or lower than 5 mg·L–
1

N, regardless of substrate or supplemental fertilization.
It should be noted that the discrepancy between the NO3--N level as reported in Table 1

and the values discussed here is due to methodological differences. The data in Table 1 reflects
the fraction of nitrate that is available in a saturation extract (Reid 2004) and that the data
presented in Figure 1 were the results of a KCl extraction (Rice et al. 1984). The efficiency of ionic
extractions is higher when an ionic solution is used because the N is displaced from the substrate
(or soil) particles, thus capturing both water-available ions plus the nitrogen readily removed from
the substrate particles (Kraus et al. 2000). The water extraction (Reid 2004) captures only the
former. As a result, the water soluble method measures what is available to the plants (plugs) on
the first watering after transplant, while the KCl method represents what will be available through
several irrigation events.
Organic greenhouse research generally focuses on plant productivity, microbial activity,
and basic substrate properties and ignores or speculates away the actual nutrient transformations
occurring in the substrate (Treadwell et al. 2007). Incorporating composts into greenhouse
substrates can improve the physical properties of the substrate (Kraus et al. 2000; Zhai et al. 2009)
and increase the substrate’s nutrient level (Kraus et al. 2000). The compost-based organic
substrate used in this study (OCP) had significantly higher initial N than did the other substrates
both organic and conventional. This early spike of N conveyed an advantage to these plants, the
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legacy of which stayed with them for the whole experiment. However, the addition of fertilizer
did not appear to influence the total inorganic N of OCP, indicating either that the nitrogen
assimilated by the crop was greater than that applied to the substrate or that the nitrogen was
lost to leaching between application and substrate sampling.
Composted pine bark is often used as a component in nursery production, and has been
shown to be a substrate conducive to nitrification (the process by which ammoniacal N is
converted to nitrate N) (Walden and Wright 1995). The only substrate to show the influence of
fertilization in total substrate N was the organic substrate comprised mainly of peat and pine bark
(OPB) (Table 3.1). Pine bark is often added to greenhouse substrates to create pores and increase
aeration (Adams and Fonteno 2003; Bailey et al. 2002). Previous work in hydroponic systems has
hypothesized that pine bark increased aeration relative to other substrates, creating a more
favorable environment for nitrification (an aerobic process) to occur (Succop and Newman 2004).
The increased aeration provided by the pine bark in OPB might have contributed to the relatively
higher levels of inorganic N in the OPB substrate.
Substrate N and plant productivity
Despite the substantially larger initially nutrient store of OCP, ultimately all of the
substrates declined sufficiently to have N levels not significantly different from zero by 62 DAT
(Appendix A.1). This can be attributed to depletion of the negligible nutrient supply present
initially in the media, crop uptake of mineralized N, or leaching losses (designed to be minimal by
the watering regime). Determining the pathways by which N content is reduced is important
when determining a strategy for supplying the nutrient needs of the crop without over fertilizing
and can be answered by looking to the plant productivity in each nutrient treatment.
Although the initial supply of inorganic N provided by the substrate was largely depleted
by the 34th day after transplant (Figure 3.1), the legacy of the higher nutrient supply was still
detectable in the crop’s biomass at the termination of the experiment. There was a significant
positive correlation between the initial total inorganic N of the substrate and the final biomass of
each cultivar, reflected in the regressions in Figure 3.2
When unfertilized, the initial N level explained 94% and 96% of the variation in the
biomass of Flashback and Alpha, respectively, in a linear relationship. Linear regression does not
adequately explain the variation in treatments with supplemental fertilizer N, requiring a more
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complicated model to explain the relationship. When fertilized, the initial N levels explained 79%
and 73% of the variation in biomass in a quadratic relationship. The biomass for substrates in
Figure 3.2 were clustered in distinct areas based on the respective initial N content: OCP is on the
extreme right of each plot with mean N levels of 1428 or 1227 mg·L–1 N for Flashback and Alpha
respectively, CP had mean initial N levels of 361 or 305 mg·L–1 N, OP had mean N level of 114 or
115 mg·L–1 N, and OPB had the lowest initial N of either 36 or 26 mg·L–1 N.
Interestingly, plants grown in substrates with the greatest initial inorganic N content have
higher biomass throughout the experiment, irrespective of supplemental N treatments. However,
supplemental N can increase crop biomass to a limited degree (Figure 3.2).
The conventional fertilizer increased the biomass more than did the organic fertilizer, this
might be attributed to the lag between application of organic fertilizer and the N becoming
available to the crop, as opposed to the conventional fertilizer, which was immediately available
to the crop. It was not the expectation to achieve a high quality flowering crop without
supplemental fertilization, so this was not surprising (Hamrick 2003a; Fornes et al. 2007; Warner
and Erwin 2005).
The substrate with the lowest initial inorganic N (OPB) had the highest inorganic N on
subsequent sampling dates; however, this substrate yielded the lowest plant biomass. The
inorganic N content was significantly increases by the addition of liquid fertilizer (Figure 3.1).
However, the reduced biomass indicates that the level of fertilization recommended for
conventional production was insufficient to fulfill the entire nutrient requirements of the crop
when organic liquid fertilizer was used (Figure 3.2). A higher rate of N, or more frequent
applications might compensate for the lack of N in the substrate. The field would benefit from
further examination of the interaction between organic substrates and supplemental liquid
fertilizer.
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Figure 3.2 Relationship between the initial total inorganic N (starter charge) and the final
biomass of Flashback (a) and Alpha (b) grown in each substrate receiving either 0 or 100 mg·L–1
N.
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Plant growth i.e. biomass
The plant biomass and other growth metrics were examined separately for each cultivar used in
this work due to morphological differences in cultivars. The biomass of Flashback (the ornamental
cultivar) was significantly less than that of Alpha (the medicinal cultivar). Biomass of both cultivars
were significantly affected by substrate type, liquid fertilizer rate, and time as well as the
interactions between each of these factors (Appendix A.2).
Biomass of each cultivar responded differently to the application of fertilizer in each substrate at
each sampling date (Appendix A.2 & Table 3.2). The legacy of the large initial nutrient content of
OCP was observed at each sampling date, but that legacy decreased somewhat as plants grew
and the initial nutrients were exhausted. At 34 DAT, the unfertilized plants were significantly
smaller than their fertilized counterparts except Alpha grown in OCP, which was not significantly
different from fertilized OCP. The largest biomass of Flashback were found to be grown in
fertilized OCP, followed by unfertilized OCP. The similarity of the OCP plants regardless of
fertilization early in the production cycle suggests a high initial concentration of available
nutrients in this substrate. On 48 DAT, the biomass of both cultivars grown in unfertilized OCP
was significantly lower than fertilized OCP, but still not significantly different from the fertilized
organic plants, suggesting that the nutrients in an unfertilized nutrient rich substrate is the
equivalent to a nutrient poor substrate with supplemental liquid fertilizer. On the final data
collection date, as in all other dates, the nutrient poor substrates showed the most marked
difference in biomass between fertilizer and unfertilized treatments.

Interestingly, the

unfertilized OCP had a biomass that was not statistically different from the biomass of fertilized
OP, which suggests that a substrate with greater inorganic N from the starter charge, but without
supplemental fertility, will perform as well as a substrate with less available N when supplemental
liquid fertilizer was applied. The trends in both cultivars observed in biomass are echoed for plant
height and leaf count, with the exception of plants grown in OPB, which were taller, appeared
“leggy,”, and were disproportionately taller relative to biomass and leaf count (data not shown).
There has been a long history of variation in the size of organically managed greenhouse plants
(Bi et al. 2010; Russo 2006, 2005). It has been hypothesized that using pine bark or other bulkier
components in organic substrates may increase aeration, which influences N mineralization
(Succop and Newman 2004). Although the media including pine bark (OPB) did have higher
inorganic N content than other substrates 34 DAT, the plants grown in this substrate had the
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lowest biomass. This suggests that the presence of N in the substrate was not sufficient to ensure
vigorous growth, rather the release of N must be coordinated with the N requirement of the crop
(Gaskell 2006; Gaskell and Smith 2007; Hartz et al. 2010). The poor performance of OPB could
also be a result of a micronutrient deficiency, but this was not measured.
It is possible that an additional several weeks of production could have brought plants
growing in either OPB or OP to a marketable size, but this rate of fertilization in combination
with OPB and OP was not sufficient to produce a crop comparable to either the CP or OCP.
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Table 3.2 Mean biomass of two cultivars on each sampling date depending upon substrate and
level of fertilization
Flashback

Alpha
p-value

Substrate Rate MEAN
t(34) OCP

0

p-value
100

0

0

1.21

b

OCP

100

1.67

a

OPB

0

0.13

e

OPB

100

0.31

de

OP

0

0.42

d

OP

100

0.98

bc

CP

0

0.90

c

0.80

cd

CP

100

1.52

a

1.53

b

0

1.77

bc

2.25

c

OCP

100

3.91

a

0.6158 4.55

a

OPB

0

0.19

e

0.31

d

OPB

100

1.19

cd

0.0001 1.71

c

OP

0

0.45

e

0.44

d

OP

100

1.98

b

0.0001 2.33

c

CP

0

1.15

d

0.92

d

CP

100

3.52

a

3.67

b

0

2.89

b

3.63

c

OCP

100

5.57

a

0.9998 6.56

a

OPB

0

0.24

e

0.34

d

OPB

100

2.13

c

0.0001 2.90

c

OP

0

0.47

de

0.49

d

OP

100

3.12

b

0.0001 3.25

c

CP

0

1.07

d

1.06

d

CP

100

5.46

a

5.69

b

t(48) OCP

t(62) OCP

0.1064

MEAN

0.0001

1.58

a

0.6985 1.97

a

0.19

e

0.0001 0.43
0.0052

0.1916

0.0163

0.1156

0.0002

0.1242

0.392

0.0059
0.1991
0.0372

de

0.37

e

0.0018 1.08

c

100

0.0001
0.2079
0.1786

0.0028
0.0677
0.3125
0.0001
0.549
0.0028

0.0001
0.1099
0.2438
0.0001
0.4692
0.0001

P-values that are less than 0.05 indicate that that treatment was significantly different from the
control at that same level of fertilization.
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Stem NO3Stem nitrate is important because it gives a snapshot view of the nutrient status of the
crop. Stem nitrate was influenced by cultivar (p=0.0016), likely due to morphological differences
in stem structure Alpha was bigger and more “woody”, thus cultivars were analyzed separately.
Both cultivars were significantly influenced by substrate, rate, and time as well as the interactions
between substrate and rate, substrate and time, and rate and time (Appendix A.3). Generally
Flashback had a greater stem nitrate content than Alpha in most instances. This could be an
artifact of the smaller size of Flashback because it was accepted that as biomass increases,
concentration of N deceases (Olfs et al., 2005). This trend would also explain the significant
decreasing trend observed over the course of the experiment: as the plants grew over time, they
became less succulent and increasingly woody, and therefore had lower concentrations of stem
nitrate.
Stem nitrate was influenced by substrate by time and rate by time interactions (Appendix
A.3). Both cultivars were significantly influenced by substrate at 34 DAT: both Flashback and
Alpha grown in OCP had a greater stem nitrate level than those plants grown in the CP-control
(1177 and 1201 mg·L–1 NO3--N compared to 675 and 576 mg·L–1 NO3--N, for Flashback and Alpha
respectively). Both cultivars grown in OPB and OP had similar stem nitrate levels to the CP-control
(OPB: 715 and 666 mg·L–1 NO3--N and OP: 418 and 418 mg·L–1 NO3--N for Flashback and Alpha
respectively). Each organic substrate had a distinct stem nitrate level in both cultivars. There was
a significant decrease in stem nitrate levels between 34 and 48 DAT in Flashback grown in OCP
and OPB, while Alpha grown in all substrates experienced a significant decrease at 48 DAT (Figure
3.3). At 48 DAT, only Flashback was influenced by substrate. Flashback grown in both OCP and
OPB had stem nitrate levels that were similar to the CP-control (849 and 481 NO3--N, respectively
compared to NO3--N), while plants grown in OP had significantly lower stem nitrate concentration
(258 NO3--N). Organic Flashback grown in OCP had the highest stem nitrate level, while flashback
grown in OPB and OP were significantly lower and similar to each other. The stem nitrate of Alpha
had declined such that substrate no longer had an impact on it. By 62 DAT both Flashback and
Alpha’s stem nitrate were unaffected by substrate.
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Figure 3.3 Stem Nitrate of Flashback (a) and Alpha (b) grown in each substrate (CP (Conventional
Peat), OCP (Organic Compost Peat), OPB (Organic Peat Bark), OP (Organic Peat))
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When observing the change over time of the stem nitrate of Flashback in each substrate,
it was interesting to note that the stem nitrate of CP changed very little between 34 and 48 DAT,
it was not until 62 DAT that the stem nitrate dropped significantly (Figure 3.3 a). Flashback grown
in OCP and OPB both had a significant decline in stem nitrate between 34 and 48 DAT, followed
by another significant decrease in OCP and a less dramatic decline in OPB. Flashback grown in OP
had fairly consistent levels of stem nitrate over the course of the experiment, declining
insignificantly from 34 to 48 DAT and then 48 to 62 DAT. Alpha’s change in stem nitrate over time
in CP and OP was very slight (Figure 3.3 b). In contrast, the stem nitrate of Alpha grown in OCP
and OPB declined significantly from 34 DAT to 48 DAT. This was followed by a second significant
decrease in Alpha between 48 and 62 DAT.
Substrate and rate interact to significantly influence the stem nitrate of both Flashback
and Alpha (Appendix A.3) when averaged over all sampling dates. The stem nitrate of both
Flashback and Alpha grown in unfertilized OPB and OP were similar to that of the CP-0-control.
The stem nitrate of both cultivars grown in unfertilized OCP were significantly higher than that of
the CP-0-control. When fertilized, both cultivars grown in OCP and OPB were found to have
similar levels of stem nitrate to the CP-100-control. The stem nitrate of fertilized OP was
significantly lower than that of the CP-100-control. The highest level of stem nitrate in organic
Flashback was found in fertilized OCP and OPB, while fertilized OPB was similar to the next highest
unfertilized OCP. The lowest stem nitrate was found in unfertilized OP and OPB. Organic Alpha’s
highest stem nitrate was also found in fertilized OCP and OPB. Unfertilized OCP was similar to
fertilized OP. As with Flashback, the lowest stem nitrate levels were found in unfertilized OP and
OPB.
Sap nitrate (from either a petiole or a stem) generally gives a more accurate indication of
the nutrient status of the crop than does a leaf analysis because the sap is a more dynamic than
the bulk of total tissue, and therefore reacts more rapidly than does total plant N (Huett and
White 1992; Olfs et al. 2005). Studies have shown that as plants mature and produce dry-matter
the N content decreases (Olfs et al. 2005). This was in accord with the findings of this study which
found N levels to decrease over time. Organic greenhouse herbs were shown to have petiole
nitrate levels in excess of 1000 mg·L–1 NO3--N regardless of nutrient regime (Treadwell et al. 2011).
Because sap was extracted from different plant tissues, these values are not directly comparable
to the values reported here, which were influenced by nutrient regime.
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Flowering
A successful organic production system should be one which produces a crop of similar
quality in a similar amount of time to a conventional production system. The single most
important requirement of floriculture crops is consistent flowering on schedule. Not all plants did
flower, but when they did, there was no significant effect of cultivar, substrate, or rate on the
time to flower (Appendix A.4), which would suggest that an 8-week production period was not
unreasonable assuming plants have adequate available nutrients. The probability of plants
flowering was influenced by substrate and fertilization, but not cultivar (Appendix A.5). The
probability of plants flowering was 36 times higher when plants received supplemental
fertilization. When supplemental fertilization was applied, 63% of the plants were flowering,
while without supplemental fertilization only 29% of the plants were flowering. It was of note
that when unfertilized plants did flower, almost all of them were grown in OCP (82% flowering).
The other organic substrates did not perform as well as OCP.
The plants growing in CP were used as a guide to determine a reasonable production
period for calendula. By the end of the experiment, 56% of plants growing in CP (both fertilized
and unfertilized) were flowering. The substrate used in the organic system was very important in
determining the probability of the crop flowering. OCP was more successful a substrate than was
CP in that 92% of plants grown in OCP were flowering by the end of the experiment. The
probability of plants flowering in OCP was 21 times greater than the probability of these plants
flowering in CP. The other organic substrates were less successful: 25% of plants growing in OP
and only 6% of plants grown in OPB were flowering by the end of the experiment. The probability
of OP not flowering was 11 times greater than the probability of CP not flowering and the
probability of OPB not flowering was 71 times higher than CP. This was unacceptable for a crop
that was meant to be sold as a flowering crop after an 8-week production cycle. This suggests
that while it was possible to grow an organic flowering crop of calendula in 8-weeks with
supplemental fertilizer applied at 100 mg·L–1 N, the substrate choice is very important in
determining the flowering success of the crop.
A flowering calendula crop can be produced in 55 days (Fornes et al. 2007), so the 62 day
production period should have been ample to bring the crop to flowering. If OPB and OP were
maintained for an additional period, more of these plants might have flowered as vegetable
transplants reached transplantable height after several additional weeks (Russo 2005). The
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variability of organic greenhouse crops persists in complicating the transition from conventional
production to organic production (Bi et al. 2010; Russo 2006, 2005; Succop and Newman 2004;
Treadwell et al. 2007). This complication paired with the higher price for organic high input
products (Burnett et al. 2011), suggests that a different approach is required to fill the niche of
organic flowering crops.

Conclusion
The current generation of commercial organic greenhouse substrates tested were able to sustain
a flowering crop with an 8-week production period without negative impacts when each
component of the system is selected for optimal performance. These substrates were not
however created equal; total inorganic N concentrations varied widely, and although there was a
significant declining trend over the course of the experiment in organic substrates, the initial N
levels of each substrate explained 87% of the variation in biomass when no additional fertilization
was added. When fertilizer was applied, plant performance improved and the starter nutrients
explained only 76% of the variation in a quadratic relationship, suggesting that regardless of the
starter charge all substrates investigated can be improved through the use of liquid organic
fertilizers. However, supplemental liquid fertilizer at this level was unable to compensate for the
initial lower concentration of N. The N availability, be it from the substrate or from the
supplemental fertilizer increases the N level of the stem nitrate, although this declined over time
as the plants matured. Only one of the organic substrates was comparable to the conventional
fertilized substrate, and this substrate generally performed as well as or better than the
conventional when fertilized and when unfertilized. Using a conventional growing system, even
with organic supplies, does not seem to be a particularly reasonable option, rather an organic
growing system should be adopted to grow organic crops. A portion of this could be as simple as
using a substrate that incorporates compost and a variety of other organic fertilizers and relying
on that nutrient charge and supplementing only when necessary.
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Chapter Four: Influence of nutrient supply and water stress on plant productivity and essential
oil quality of Calendula officinalis
Introduction
Calendula (Calendula officinalis) is an herbaceous annual or short-lived perennial native
to Egypt (Mohammad and Kashani 2012), but widely naturalized throughout temperate climate
zones. The species has been cultivated since Roman times for its purported general medicinal
qualities. Recent work investigating medicinal properties of calendula have reported antimicrobial (Mohammad and Kashani 2012), anti-viral (Kalvatchev et al. 1997), anti-tumor (Matic et
al. 2012), and anti-inflammatory (Preethi et al. 2009; Preethi and Kuttan 2009) effects. Calendula
is commonly produced in low input, dry land production systems and may be subject to nutrient
and water stress. Although nutrient and water stress are generally considered to be detrimental
to plant performance, the effects on plant secondary compounds are somewhat more complex.
For example, plants produced under water-stress have been shown to increase production of
secondary compounds that are pharmaceutically active (Selmar and Kleinwaechter 2013). The
effects of nutrient limitation on secondary compounds are mixed.

The concentration of

antioxidants can be positively correlated with nitrogen fertilization (Rahmani et al. 2011), while
the opposite trend has also been observed where nitrogen deficit has led to an increase in
antioxidant concentration (Nourimand et al. 2012). There has also been the suggestion that
increased nitrogen application can mitigate the damage caused by drought (Rahmani et al. 2011).
Improved understanding of how the interactions between plant primary and secondary
compound production are affected by nutrient dynamics and water stress is of increased
importance for the sustainable production of medicinal crops into the future.
Ensuring an adequate supply of nitrogen under variable environmental conditions is a key
challenge to the sustainable production of crops in low-input and organic farming systems. In
these systems, nutrient availability is a function of soil microbial activity, which in turn is
significantly influenced by the soil moisture regime. With an increasing interest in organic
products in the United States with corresponding price premiums to producers for organic
products, understanding these interactions is of increased economic and ecological importance.
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Nutrient availability in low-input and organic systems utilize fertility sources of biological
and mineral origin, which must be mineralized prior to plant uptake, a process mediated by
microbial activity and that is highly influenced by environmental factors including moisture and
temperature (Drinkwater and Snapp 2007). Nitrogen availability has been demonstrated to be
difficult to predict and supply in adequate amounts at critical periods of plant growth in such
systems (Gaskell 2006; Gaskell and Smith 2007; Hartz et al. 2010). As a result there may be a
significant lag time between application and nutrient release to the crop in either system, leading
to deficiencies that reduce growth (Chand et al. 2011; Nourimand et al. 2012; Siddiqui et al. 2011).
As nutrient availability in low-input and organic systems is a function of microbial activity,
moisture regime has the potential to affect both water and nutrient availability.
The influence of changing environmental conditions on the synthesis of secondary
compounds is of particular relevance in plants whose secondary compounds are of economic
importance, such as those used in essential oil production.

Concentration of secondary

compounds of calendula can be influenced by the site (Hussain et al. 2011) and growing conditions
including planting density (Berimavandi et al. 2011). Nitrogen deficiency has been shown to
enhance the synthesis of secondary chemicals including antioxidants in varied herbal plants
(Chand et al. 2011; Nourimand et al. 2012; Siddiqui et al. 2011). Periods of drought stress have
also been found to increase secondary metabolite production in medicinal plants (Gray et al.
2003; Bettaieb Rebey et al. 2012; Liu et al. 2011; de Abreu and Mazzafera 2005; Selmar and
Kleinwaechter 2013; Selmar 2008), although some authors have suggested that drought stressed
plants produce the same amount of secondary metabolites as they would if supplied adequate
water, but because of the reduced biomass of drought stressed plants, the metabolites are less
dilute. Selmar and Kleinwaechter (2013) opine that this is an over simplification. Drought has
been observed to cause a reallocation of carbon leading to reduced growth, but an overall
increase of concentrations of secondary metabolites (de Abreu and Mazzafera 2005; Nogues et
al. 1998; Liu et al. 2011). More specifically, the stress associated with drought induces increases
in the levels of antioxidants including phenolics and the precursor of terpenes. Both of these
compounds scavenge and protect the plant from reactive oxygen species (ROS) which result when
water stressed plants are unable to dissipate surplus absorbed solar energy. The concentration
of these phenolic compounds was negatively correlated with accumulation of biomass (de Abreu
and Mazzafera 2005; Selmar and Kleinwaechter 2013). Post-harvest handling of calendula,
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including drying in processing of essential oils, can cause a loss of both yield and chemical diversity
of calendula essential oil (Okoh et al. 2008).
Essential oils or volatile oils are complex mixtures of plant secondary compounds.
Essential oil is extracted from plants via steam distillation and used as medicines, fragrances, or
flavoring (Adams 2007). Active components, such as monoterpenes, can be altered through
classical genetics, genetic engineering (Wang et al. 2005), and through cultural methods (de Abreu
and Mazzafera 2005; Nogues et al. 1998; Liu et al. 2011; Król 2011; Khalid and Teixeira da Silva
2010), therefore it is important to know the chemical profile of the essential oil to know the major
components of the resultant oil. Calendula essential oil is commonly distilled from the fully open
flowers for use in pharmaceuticals (Okoh et al. 2008; Gazim et al. 2008; Khalid and Teixeira da
Silva 2010). The extraction or distillation of essential oil is costly in terms of requisite plant
material, solvents, and time (Montazeri et al. 2011). An analysis of the volatile (aromatic) profile
of calendula flowers can be used to discern the chemical profile of the essential oil without
distillation (Gazim et al. 2008; Martendal et al. 2011).
This work examines the effects of influence of nutrient source on nitrogen availability and
water stress on the on the plant performance and production of essential oil of four Calendula
cultivars.

Methods
Field soil (Maury silt loam) from a USDA certified organic field on the University of
Kentucky Horticulture Research Farm (Lexington, KY) was excavated from the plow layer (0-15
cm) from a field in organic production for approximately 5 years. Soil chemical and physical
properties throughout the site are relatively homogenous throughout the plow layer (0-15 cm,
Coolong, unpublished data). Soil had been in summer annual vegetable production with a winter
cover crop, with primary tillage occurring once per year with regular field cultivation for weed
control throughout the growing season. Any surface plant residues were carefully removed from
the soil surface, and soil was carefully collected using a hand shovel and transported to the
laboratory. Three subsamples were taken for soil moisture analysis. Soil was passed through a
2mm sieve, amended with one of three fertilizers, and then packed into 13.31 cm by 13.31 cm
pots (1230 mL volume) to simulate bulk density of the field soil (1.4 g per cm3, corrected for
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moisture content. Fertilizer sources included 1) a “high input” organic treatment consisting of an
OMRI-approved organic granular fertilizer (5-4-3), with a nitrogen source derived from pelletized
poultry manure; 2) a “high input conventional” treatment consisting of granular conventional
fertilizer (19-19-19); 3) a “low input” organic treatment consisting of locally composted manure
applied at a rate equivalent to 22405 kg per ha, determined to be 157 kg/ha N (0.7%)-179 kg/ha
P (0.8%)-22 kg/ha K (0.1%) by dry weight, with a carbon to nitrogen ration of 40.6:1; and
4)“minimal input” organic treatment consisting of un-amended field soil.
After pot preparation, each pot was seeded with four seeds and thinned to a single plant
per pot after germination. The four cultivars selected included two herbal cultivars (Calendula
officinalis L. ‘Alpha’) (Alpha) and (Calendula officinalis L. ‘Resina’) (Resina), an ornamental cultivar
(Calendula officinalis L. ‘Sunshine Flashback’) (Flashback), and an unspecified cultivar marketed
as an organic herb (Calendula officinalis L.) (Jelitto).
Pots were arranged in a randomized complete block design, with four replicate blocks,
each on a separate greenhouse bench. The pot size and spacing corresponds to a planting density
of 60 plants per m2, a recommended density identified in previous work to be favorable to
essential oil production (Berimavandi et al. 2011). Soil moisture was maintained at a gravimetric
water content corresponding to a volumetric water content of 75% field capacity (77.69 kPa) and
field capacity (33.23 kPa), determined by previous soil moisture release curves for the site
(Susmitha Nambuthiri, unpublished data). Pots were weighed daily during the germination and
establishment period, and on alternating days thereafter. After the harvest of the first flower,
water stress was induced on one half of the plants, and gravimetric moisture maintained at 40%
of field capacity (430.77 kPa) by daily weighing and watering of pots. Throughout the experiment
the greenhouse was maintained at a 28/15.5°C day/night regime. The average daily light integral
(DLI) was 10.0 MJ/m2.
Sampling included daily water use, flower harvest, soil inorganic N, plant growth, leaf
nitrogen content, and determination of degree of drought stress. One pot per treatment per
block was destructively harvested and sampled for soil inorganic nitrogen, plant water potential,
height, above ground biomass, leaf area, and stem nitrate 0, 30 and 96 days after initiating the
experiment. Inorganic N was measured colorimetrically from a subsample of soil by extraction in
1 M potassium chloride (KCl) (Rice et al. 1984). Samples were allowed to settle and analyzed for
NH4+-N and NO3--N by colorimetric analysis on a microplate reader (Molecular Devices, VERSAmax
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Sunnyvale, CA), after NO3- samples had been reduced using a cadmium reduction device
(ParaTechs Co., Lexington, KY) (Crutchfield and Grove 2011). Stem nitrate (NO3) was measured at
final harvest using a Laqua Twin Nitrate Meter (Spectrum Technologies, Plainfield, IL). Leaf area
was measured using a leaf area meter (LI-COR LI-3100, Lincoln, Nebraska). Above ground biomass
was measured fresh and then dried in a 60˚ C oven for 24 hours or until a constant mass was
achieved, and weighed for dry biomass. On the final sampling date, unopened flower buds were
counted.
Predawn plant water potential was measured from the oldest callused over flower stem
(or from the flower stem prior to harvest if there had been no flowers harvested up to this point)
at final harvest to verify water stress status using a pressure chamber instrument (Model 615,
PMS Instrument Company, Albany, OR). However, due to the extreme wilting in some treatments,
the pressure chamber was not able to make a determination of water potential because the
pressure exceeded the capacity for the chamber (4 MPa). Therefore, the data were assigned a
ranking 0-4, with plants with the lowest water potential (non-stressed, non-water stress) receiving
a 0 and plants with a water potential greater than the detection limit of the pressure chamber
receiving a 4 (extremely water stressed), moderately stressed plants were arrayed between these
extremes, ranks and associated water potential are listed in Table 4.4. These rankings were
analyzed in lieu of the measured water potential.
Flower heads were harvested throughout the experiment when they were fully open
(identified when the third row of florets opened). Flower heads were harvested using a straight
razor blade, and immediately placed in liquid nitrogen. Flowers were stored at -80° C until analysis
of volatile compounds. The volatiles of the primary and first secondary flower (first and second
flower from each plant) harvested during the season were analyzed using head space solid phase
micro-extraction (HS-SPME) (Gazim et al., 2008). Flowers were taken from the freezer, weighed,
and placed into a 236.5mL bottle with septum cap with 4.1 µg of 1-octanol (in hexane)0020as an
internal standard. The bottle was sealed and placed in a water bath at 35˚C and incubated for 15
minutes without the SPME fiber and then 15 minutes with the SPME fiber. The fiber was then
injected into the GC (Hewlett Packard 8590 Series II, Wilmington, DE). The GC system was
operated in splitless mode and injection was done by hand. The injection port was held at 250˚C
and there was a 5-minute hold before the purge valve opened. The oven was programed to rise
from 50˚C (2-minute hold) to 140˚C at a rate of 2°C per min and then to rise to 210˚C at a rate of
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5°C per min (2 min hold). Helium was the carrier gas. A Flame Ionization Detector (FID) was used
with hydrogen and air. Concentrations of volatiles (per gram of flower tissue) were determined
using the internal standard and the 1-octanol standard curve. A sub-set of compounds identified
in the literature and standard compounds found in all plants were run under the same protocol
to establish retention times, and these were used to determine peaks which corresponded to
compounds of significance. Compounds reported here are primarily plant stress compounds
associated with the breakdown of cell walls. The concentration of unknown compounds per gram
of flower tissue (total concentration with internal standard and known stress compounds
removed) are reported here because specific volatile compounds could not be identified. The
concentration was calculated using the standard curve constructed from the internal standard.
Data collection and analysis
Data were analyzed in a mixed model with SAS version 9.3 (SAS Institute, Cary, NC) using
least squares means and pairwise differences to separate means.

Plant water potential was

ranked from 0 to 4 using the rank function and then rank data was analyzed using the cumulative
logit model.

A ranking of 0 corresponded with water potentials less than 0.20 MPa, 1

corresponded to water potential between 0.25 and 0.35 MPa, 2 corresponded to 0.4-0.8 MPa, 3
corresponded to 0.9-3.45 MPa, and a ranking of 4 corresponded to a water potential greater than
4 MPa.

Results
Plant Growth and Soil Nitrogen
Soil inorganic N (NO3--N + NH4+-N) results are presented as total soil inorganic N, as the
quantity of NH4+-N was negligible (<3.5 kg per ha) at all sampling points with the exception of day
0 in the conventional treatment (19 kg per ha), thus total soil inorganic N values are largely driven
by soil nitrate content.
Total soil inorganic N was significantly affected by amendment, time and the interaction
between amendment and time (Appendix B.1). When averaged over time, the highest level of
inorganic N was found in soil amended with conventional fertilizer (90.1 kg per ha) and the lowest
in unamended soil (28.7 kg per ha). Soil amended with compost and organic granular fertilizer
had similar inorganic N levels (Table 4.1).
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Trends in soil inorganic N content were similar in all treatments, peaking at 30 d with
lowest levels at 96 d (Figure 4.1 & Table 4.1). At the initiation of the experiment the conventional
treatment was significantly higher than the others (110 kg per ha). After 30 days, each of the
amendments had higher levels of inorganic N, indicating mineralization. Each amendment was
significantly different from each other: soil amended with conventional fertilizer remained highest
(146 kg per ha), followed by organic (113 kg per ha), then compost (86 kg per ha) and finally
unamended soil (43 kg per ha). After 96 days, the inorganic N level had declined to below 20kg/ha
in all of the systems regardless of amendment.

Table 4.1 Mean total soil inorganic nitrogen for all amendments over time.
Inorganic N (kg/ha)
Amendment

Averaged over 0 days after 30 days after 96 days after
time

sowing

sowing

sowing

Conventional

90 a

110 a

146 a

15 a

Organic

54 b

43 c

113 b

6 ab

Compost

51 b

65 b

86 c

2b

None

29 c

41 c

43 d

2b

Means with the same letter within sampling date are similar at (P≤0.05).
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Figure 4.1 Total soil inorganic N content at each sampling date by amendment (+ SE).
Means with the same letter within an amendment are similar at p<0.05
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Stem sap nitrate was not significantly influenced by amendment or cultivar (data not
shown). Water stressed plants had insufficient sap to make a determination of stem nitrate.
There was no significant influence of any treatments on the stem nitrate content, all were within
the range of 85-150 ppm NO3--N. None of the plants showed visible signs of nutrient deficiency.
Leaf area was significantly affected by cultivar (Appendix B.2 & Table 4.3), with
significantly greater leaf area in Jelitto and Resina. Leaf area was also significantly affected by
amendment (Table 4.3), with the smallest leaf area produced in unamended soil. All plants that
received some amendment had a similar leaf area. Water stressed plants had significantly smaller
leaf areas than non-stressed plants (Table 4.3).
The interaction of water stress and amendment shows that greatest leaf areas were
produced in soils amended with either organic or conventional fertilizer when supplied with
adequate water (Table 4.3), while the smallest leaf areas are produced in soil amended with
organic or conventional fertilizer and unamended soil when supplied with inadequate water
(Figure 4.2 & Table 4.3). Compost and no-amendment had similar leaf areas when well watered
(561.9 cm2 and 506.5 cm2). The leaf area of water stressed plants from the compost system were
similar to those of water-stressed organic plants.
Biomass of Calendula was significantly influenced by cultivar, amendment, water stress,
and the interaction between cultivar and amendment (Appendix B.2). The highest biomass was
found in Jelitto (4.2 g), followed by Resina with the second highest biomass (3.7 g). Flashback and
Alpha were similar with biomass of 3.1 g each. Plants grown in soil without additional fertilizer
had the smallest biomass (2.6 g), while plants grown in amended soil had significantly higher
biomass (4.0, 4.0, and 3.5 g (organic, conventional, and compost respectively). Plants which were
maintained with adequate water had a significantly higher biomass than those maintained under
water stress conditions (3.7 g and 3.3 g, respectively).
The interaction between cultivar and amendment reveals that Jelitto and Resina grown
in soil amended with either conventional or organic were largest (Table 4.2), whilst the plants
with the smallest biomass were found to be Alpha, Resina, Flashback in the no amendment
system. Jelitto amended with compost had a biomass which made it not significantly different
from Resina amended with organic fertilizer. The remaining plants were not significantly different
from each other and had biomass between 3.1 and 3.7g (Table 4.2).
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Table 4.2 Means of biomass for the amendment and cultivar interaction
Treatment

Biomass (g)

Alpha compost

3.7 cde

Alpha conventional

2.9 efgh

Alpha none

2.2 h

Alpha organic

3.7 cde

Flashback compost

3.2 defg

Flashback conventional

3.2 defg

Flashback none

2.7 fgh

Flashback organic

3.4 cdef

Jelitto compost

3.8 bcd

Jelitto conventional

5.3 a

Jelitto none

3.1 defg

Jelitto organic

4.7 ab

Resina compost

3.4 cdef

Resina conventional

4.7 ab

Resina none

2.5 gh

Resina organic

4.2 bc

Means with the same letter are similar at (P≤0.05) within each main effect or interaction.
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Table 4.3 Means of leaf area for significant variables and interactions
Effect

Treatment

Mean leaf area (cm2)

Cultivar

Resina

545 a

Jelitto

495 ab

Flashback

432 bc

Alpha

398 c

Organic

513 a

Conventional

480 a

Compost

479 a

None

399 b

Non-stressed

613 a

Water-stressed

322 b

Organic Non-stressed

712 a

Conventional Non-stressed

671 a

Compost Non-stressed

562 b

None Non-stressed

507 b

Compost Water-stressed

395 c

Organic Water-stressed

314 cd

None Water-stressed

291 d

Conventional Water-stressed

289 d

Amendment

Water stress

Amendment*Water stress

Means with the same letter are similar at (P≤0.05) within each main effect or interaction.
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Figure 4.2 Leaf area of Calendula grown with each amendment when water stressed and not
water stressed (+ SE)
Means with the same letter are similar at (P≤0.05).
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Rating of water stress level was influenced both by the amendment and by the water
stressed treatment. The most extreme water stress rankings were found in plants in the water
stress treatment. Plants in the non-water stressed treatment were 0.25 times less likely to have
a rank of 4 (water potential greater than 4MPa) than do plants in the water stressed treatment.
The proportion of plants ranked as 3 or 4 were 0.39 and 0.30 when water stress was applied, and
0 without water stress (Table 4.4).
Plants grown with conventional fertilizer were 2.4 times more likely to have a drought
ranking of 4 than did plants grown in unamended soil and were 1.5 times more likely to have a
water potential of 4 MPa than were plants grown with organic fertilizer. Conventional plants were
1.8 times more likely to have been ranked as 4 than were plants grown with compost. Compost
and organic were not significantly different in terms of drought ranking, and plants grown in
unamended soil did not have water potentials that were significantly different from plants grown
with compost. Plants grown without amendment were 0.63 times less likely to have an extreme
water potential than organic plants. For plants grown in soil amended with compost the
probability that the ranking was less than or equal to 3 was 0.86, less than or equal to 2 was 0.65,
less than or equal to 1 was 0.45, and 0 was 0.26 (Figure 4.3). The probability that plants grown
with conventional fertilizer were ranked less than or equal to 3 was 0.75, less than or equal to 2
was 0.55, less than or equal to 1 was 0.35, and equal to a ranking of 0 was 0.14 (Figure 4.3). The
probability that plants grown in soil with no amendment had a drought ranking that was less than
or equal to 3 was 0.93, less than or equal to 2 was 0.74, less than or equal to 1 was 0.48, while
the probability that the ranking was equal to 0 was 0.27 (Figure 4.3). The probability that plants
grown in soil amended with organic fertilizer had a water stress ranking that was less than or
equal to 3 was 0.81, less than or equal to 2 was 0.60, less than or equal to 1 was 0.37, while the
probability that the water stress ranking was equal to 0 was 0.16 (Figure 4.3).
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Table 4.4 Range of water potentials associated with each ranking of water stress with the
proportion of treatment assigned to each ranking
0

1

2

3

4

Water potential (MPa)

≤0.20

0.25-0.35

0.4-0.8

0.9-3.45

>4

non stressed

0.39

0.38

0.20

0.00

0.00

water stressed

0.02

0.03

0.22

0.39

0.31

compost

0.28

0.16

0.19

0.25

0.13

conventional

0.16

0.09

0.28

0.13

0.25

none

0.25

0.31

0.13

0.25

0.06

organic

0.13

0.25

0.25

0.16

0.19

proportions do not sum to 1 in all cases because of missing data points
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Figure 4.3 Probability that plants grown with each amendment are less than or equal to the
water stress ranking 0-3 (probability is 1 that they are less than or equal to a drought ranking of
4)
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Flower yield (number of flowers), was influenced by cultivar and water stress (Appendix
B.2). The highest yielding cultivar was Jelitto averaged 3.4 flowers per plant over the course of
the experiment. Flashback and Resina had similar yields, averaging 3.3 and 2.6 flowers per plant
respectively. Alpha was the lowest yielding cultivar: averaging only 2.3 flowers per plant over the
course of the experiment. Water stressed plants had fewer flowers than non-stressed plants,
averaging 2.5 flowers per plant, while non-stressed plants averaged 3.2 flowers over the 96 days
of the experiment.
For the analysis of secondary compounds two flowers were required from each plant.
There were insufficient flowering plants to analyze each plant, so only 3 replicates were chosen
to analyze for secondary compounds. Even so, there were not the required 3 replicates of
flowering plants in the conventional treatment to include conventional plants in the analysis.
When analyzing only 3 replicates of plants, the flower count of first and second flower pairs were
significantly lower (p=0.0453) in plants receiving conventional fertilizer, while plants grown with
compost, organic fertilizer, or no fertilizer were not significantly different from each other.
Flower weight was collected from the first and second flowers produced (flower order)
from each plant as part of the analysis for volatile compounds. Flower weight was not collected
from conventional treatments, as they did not produce sufficient flowers for consistent collection.
Flower weigh was significantly affected by cultivar, water stress, order, and the interaction
between cultivar and order (Appendix B.3). Average flower weight was greatest in Alpha,
followed by Jelitto. Flashback and Resina had similar weights. Flowers from water stressed plants
were smaller than those from non-stressed plants. Primary flowers were heavier than secondary
flowers. Considering the interaction between cultivar and order reveals that Alpha’s primary
flowers have the largest biomass. Primary flowers from Jelitto had the second largest biomass.
The primary flowers from Flashback and Resina are not significantly different from the secondary
flowers of any cultivar (Table 4.5).
Buds were counted 96 days after sowing. Bud count was significantly influenced by
amendment and water stress (Appendix B.2). Organic fertilizer had the highest bud count,
averaging 1.9 buds per plant and the lowest bud count was found in the unamended soil (1 bud
per plant). Plants grown in soil amended with compost and with conventional fertilizer averaged
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1.6 and 1.5 buds per plant respectively, which were not significantly different from either
extremes. Non-stressed plants had twice the number of buds as water stressed plants (2 buds
per plant compared to 1 bud per plant).
Date of first flower was significantly affected by amendment (Appendix B.2). Soil
amended with compost and un-amended soil both flowered in 70 days while soil amended with
organic or conventional fertilizer did not flower until 76 days after sowing.

Table 4.5 Mean flower weight by cultivar and flower order
Mean

flower

Cultivar

Flower order

weight (g)

Alpha

primary

4.4 a

Jelitto

primary

3.3 b

Flashback

primary

1.8 c

Resina

primary

1.7 c

Alpha

secondary

1.6 c

Jelitto

secondary

1.2 c

Flashback

secondary

1.1 c

Resina

secondary

1c

Means with the same letter are similar at (P≤0.05).
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Plant Secondary Compounds
The concentration of unknown compounds per gram of flower tissue was influenced by
cultivar, water stress, order and the interaction of water stress and order (Appendix B.3). Resina
and Flashback have the highest concentration of unknown compounds (38481 ng/g fresh flower
and 37926 ng/g fresh flower, respectively), while Jelitto and Alpha have lower concentrations
(26503 ng/g fresh flower and 24375 ng/g fresh flower, respectively). Water stress increases the
concentration of unknown compounds almost 40%, from 24417 to 39225 ng/g fresh flower.
Secondary flowers have higher average concentration of unknown compounds than primary
flowers (41465 ng/g fresh flower and 22178 ng/g fresh flower, respectively), a difference of 46%.
Because water stress was induced after the harvest of the primary flower, the interaction
of water stress and order produces illustrates the impact of water stress on the secondary
compounds on flowers. Water stress induces a 47% increase in the concentration of unknown
compounds over non-stressed secondary flowers (54348 ng/g fresh flower and 28582 ng/g fresh
flower, respectively). Both primary flowers have similar areas both under 25000 ng/g fresh
flower. Primary flowers from the water stress treatment were similar to non-stressed secondary
flowers (24103 ng/g fresh flower and 28582 ng/g fresh flower, respectively).
Cultivar significantly influenced the concentration per gram of flower tissue of all
compounds reported here (essential oil component α-Pinene and plant stress compounds:
Hexanal, Cis-3-Hexenal, and Trans-2-Hexenal) (Appendix B.3). The concentration of a-pinene was
largest in Resina (3980 ng/g fresh flower). Flashback and Jelitto have similar low concentrations
(2555 ng/g fresh flower and 2717 ng/g fresh flower, respectively). Alpha had a concentration in
between the two extremes (3160 ng/g fresh flower) and was therefore similar both to Resina and
Flashback and to Jelitto. Resina and Jelitto had the highest concentration of hexanal (4120 ng/g
fresh flower and 4068 ng/g fresh flower, respectively) (Table 4.6). Flashback and Alpha have
significantly lower concentrations: 3005 ng/g fresh flower and 2676 ng/g fresh flower,
respectively. Flashback, Resina, and Jelitto have the highest concentrations of cis-3-hexenal (9020
ng/g fresh flower, 10996 ng/g fresh flower, and 9910 ng/g fresh flower, respectively). Alpha has
a significantly lower concentration (4151 ng/g fresh flower). Resina produced the highest
concentration of trans-2-hexenal (2291 ng/g fresh flower), and was an order of magnitude larger
than Flashback, Alpha, and Jelitto (954 ng/g fresh flower, 664 ng/g fresh flower, and 636 ng/g
fresh flower, respectively).
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Water stress had an amplifying effect on the areas of a-pinene, hexanal, and cis-3-hexenal
(Appendix B.3). Water stress increased the level of hexenal per gram of fresh weight by 38%, cis3-hexenal by 39%, and a-pinene by 44% per gram of flower (Table 4.6). Flower order significantly
influenced the concentration of hexanal, cis-3-hexenal, and a-pinene (Appendix B.3). Secondary
flowers have on average 50% more of hexanal, cis-3-hexenal, and a-pinene than primary flowers:
hexenal increased from 2324 ng/g fresh flower in primary flowers to 4610 ng/g fresh flower in
secondary flowers (50%), cis-3-hexenal increased from 5850 ng/g fresh flower to 11189 ng/g fresh
flower (48%), and a-pinene increased from 2120 ng/g fresh flower in primary flowers to 4085 ng/g
fresh flower in secondary flowers, and increase of 48%.
The interaction of water stress and flower order has a significant effect on the levels of apinene, hexanal, and cis-3-hexenal (Appendix B.3) per gram of flower. In all cases secondary water
stressed flowers produced the highest levels of secondary compounds (Table 4.6). Water stressed
secondary flowers produced an average of 54% more a-pinene than non-stressed secondary
flowers and primary flowers from that same plant before water stress was initiated (5497 ng/g
fresh flower compared to 2674 ng/g fresh flower (secondary) and 2437 ng/g fresh flower
(primary)) (Figure 4.4). Both primary flowers produced similar amounts of a-pinene (1803 ng/g
fresh flower non-stressed and 2437 ng/g fresh flower “water stress”). Water stressed secondary
flowers produced 49% more hexanal than non-stressed secondary flowers (6097 ng/g fresh flower
compared to 3123 ng/g fresh flower), while primary flowers were lower and similar (2206 ng/g
fresh flower non-stressed and 2443 ng/g fresh flower “water stress”) (Figure 4.5). Water stressed
secondary flowers had 49% more cis-3-hexenal than both primary flowers and non-stressed
secondary flowers: 14864 ng/g fresh flower while others ranged from 5384.9 to 7514 ng/g fresh
flower.
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Table 4.6 Mean concentration of compounds found in Calendula flowers for unknown
compounds, hexanal, cis-3-hexenal, trans-2-hexenal, and α-pinene
Concentration (ng/g fresh flower)
Total

Hexanal

Cis-3-

Trans-2-

hexenal

hexenal

α-pinene

Effect

Treatment

unknown

Cultivar

Flashback

37926 a

3005 b

9020 a

954 b

2555 b

Alpha

24375 b

2676 b

4151 b

664 b

3160 ab

Resina

38481 a

4120 a

10996 a

2291 a

3979 a

Jelitto

26503 b

4068 a

9910 a

636 b

2717 b

Water

Water

39225 a

4270 a

10589 a

3967 a

stress

stress
24417 b

2665 b

6449 b

2238 b

Secondary

41465 a

4610 a

11189 a

4085 a

Primary

22178 b

2324 b

5850 b

2120 b

Order*

Secondary

54348 a

6097 a

14864 a

5497 a

Water

Water

stress

stress
28582 b

3123 b

7514 b

2674 b

24103 bc

2443 c

6314 b

2437 bc

20253 c

2206 c

5385 b

1803 c

Nonstressed
Order

Secondary
Nonstressed
Primary
Water
stress
Primary
Nonstressed

Means with the same letter are similar at (P≤0.05) within each main effect or interaction.
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Figure 4.4 Concentration of α-pinene in primary and secondary Calendula flowers when nonstressed and when subjected to water stress. Means with the same letter are similar at
(P≤0.05).
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Figure 4.5 Concentration of hexanal in primary and secondary Calendula flowers when nonstressed and when subjected to water stress. Means with the same letter are similar at
(P≤0.05).

58

The concentration of trans-2-hexenal was also influenced by the 3-way water
stress*amendment*cultivar interaction (Appendix B.3). The majority of treatments have similar
relatively low concentrations falling between 250 ng/g fresh flower to 650 ng/g fresh flower or
650 ng/g fresh flower to 1713 ng/g fresh flower (Table 4.7). The first range of low values were
made up of Alpha and Jelitto, mostly not water stressed in a range of systems. The second range
which was middle range areas was made up of water stressed Flashback, Alpha and Jelitto in low
input and no input and then high input organic as the range increases. All Resina treatments are
at the higher end of the range, and when water stressed are generally higher than non-stressed.
The primary exception was the water stressed organic Resina peak which was more than twice as
large as the next largest peak which was no input, non-stressed Resina (5896 ng/g fresh flower
and 2510 ng/g fresh flower, respectively).
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Table 4.7 Mean concentrations of trans-2-hexenal for water stress, amendment and cultivar
interaction
Treatment

Concentration (ng/g fresh
flower)

Alpha, Compost, NS

634 c

Flashback, Compost, NS

1011 bc

Jelitto, Compost, NS

719 bc

Resina, Compost, NS

1172 bc

Alpha, None, NS

550 c

Flashback, None, NS

1037 bc

Jelitto, None, NS

446 c

Resina, None, NS

2510 b

Alpha, Organic, NS

650 c

Flashback, Organic, NS

912 bc

Jelitto, Organic, NS

263 c

Resina, Organic, NS

1085 bc

Alpha, Compost, WS

599 bc

Flashback, Compost, WS

815 bc

Jelitto, Compost, WS

688 bc

Resina, Compost, WS

1370 bc

Alpha, None, WS

723 bc

Flashback, None, WS

757 bc

Jelitto, None, WS

1116 bc

Resina, None, WS

1713 bc

Alpha, Organic, WS

829 bc

Flashback, Organic, WS

1195 bc

Jelitto, Organic, WS

587 c

Resina, Organic, WS

5896 a

NS: Non-stressed; WS: Water stressed
Means with the same letter are similar at (P≤0.05).
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Discussion
The amendment treatments were selected to represent a gradient of inputs, from low
(unamended) to high (conventional inorganic fertilizer) that are common in calendula production
systems. We hypothesized that differences in release rates based on the variable qualities (e.g.
initial inorganic N content, recalcitrance of the organic components, etc.), would impact nitrogen
level of the soil, which in turn would impact plant productivity, which was demonstrated in our
results. At 0 d the concentration of soil inorganic N in the high input conventional system was
significantly higher than the other systems, with the organic systems not differing significantly in
soil inorganic N content than the no amendment system. However, soil inorganic N levels
increased significantly in both organic treatments 30 d after sowing, with a marked increased (70
kg per ha) in the poultry litter-based (high input) amendment. Compost in contrast has an initial
nitrogen concentration which was significantly higher than the unamended soil and while there
was a spike of mineralization in the middle of the experiment, it was a lesser spike. These results
are consistent with the literature and theory on nutrient availability from biological amendments,
specifically those used in organic farming systems.
In general, organic systems receiving nitrogen inputs in equivalent quantities to
conventional systems typically have a lower level of soil inorganic N than conventional systems
initially, but carry a storehouse of nitrogen which will be available upon mineralization
(Drinkwater et al. 1995). Not all organic inputs are created equally: the availability of N from
organic amendments differs by source. A low N source, like compost, may mineralize only 10%
of total N in the 6 months following incorporation (Hartz et al. 2000).

In contrast, high N

amendments, like poultry litter, have between 60 and 80% of N mineralized within 2 months of
application (Hartz and Johnstone 2006). This trend was observed in this study. Because the
nutrients from compost and poultry litter are biological in nature it is well understood that over
time more of the nitrogen is made available in plant accessible inorganic N forms (Agehara and
Warncke 2005; Drinkwater and Snapp 2007; Gaskell 2006; Gaskell and Smith 2007). Despite this
increase, the organic system still had a significantly lower level of nitrogen at this snapshot in
time. The unamended soil was relatively steady at around 42 kg per ha-N during the first 30 days
of the experiment and dropped off after this like all of systems supplied with more nutrients.
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Nitrogen losses from leaching were assumed to be negligible, as the watering procedure did not
allow any leachate to escape.
The observed decline in soil inorganic N by the end of the experiment in all systems may
be attributed to both the aforementioned mineralization patterns, as well as plant uptake. During
these first 30 days of the experiment, seeds were germinating and plants were all quite small and
thus plant uptake was minimal. After 30 d, plant growth increased significantly and corresponding
nutrient uptake was greater, with inorganic N in both amended and unamended soils being
depleted.
Despite the differences in soil inorganic N content over time, plants did not appear to be
nutrient stressed in any cases, other than the observed reduction in growth. This lack of variability
in stem nitrate between treatments suggests that despite the varying nitrogen in the soil, the
plants were not experiencing measurable nutrient stress.

This was in accord with visual

assessments which observed no common visual indicators of nutrient stress (e.g. yellowing or
purpling of the leaves, etc.). Although there were no visible indications of nutrient stress, the
coarse level of resolution of the data from the low sensitivity of the instrument used to measure
plant sap nitrate (a Cardy meter which measures concentrations from 14 to 1400 ppm with a lowlevel of precision) may have also contributed to a lack of significant differences, although variation
was quite low.
Differences in leaf area and biomass between cultivars are due to the different growth
habits of the cultivars. Alpha and Flashback shared the lowest biomass and leaf areas. Flashback
is an ornamental cultivar and as such was not selected to be a high-yielding cultivar, but was
selected to be uniform and predictable in growth and habit. Alpha on the other hand was bred
as a medicinal herb. A negative correlation has been observed between the concentration of
secondary compounds and accumulation of biomass when plants are water stressed (de Abreu
and Mazzafera 2005; Selmar and Kleinwaechter 2013). This leaf area and biomass was averaged
over water stress, but the mechanism behind the accumulation of secondary compounds of this
variety might be similar: energy was devoted to production of secondary compounds rather than
accumulation of biomass. Resina was also bred to be a medicinal herb, but has the highest leaf
area and second highest biomass. Jelitto is described as a medicinal herb, but little information
has been offered on cultivation history. Jelitto has the highest biomass and second highest leaf
area, indicating that there was more biomass based in the stems than in leaves. Jelitto produced
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the largest number of flowers per plant, which could account for this. The general large size of
Resina and Jelitto suggests that accumulation of secondary compounds can occur without
negatively impacting the size of the plant.
The differences in biomass between cultivars were exacerbated by the different sources
of nutrients. Flashback and Alpha grown in conventional treatments had lower biomass and fewer
flowers compared to the other treatments. This can be attributed to reduced initial germination,
perhaps due to the interaction of seed quality and high inorganic N in the soil. This was
particularly true of Alpha, a cultivar bred for herbal use had significantly lower mean biomass and
fewer flowers in the conventional treatment than any other amendment by cultivar treatments
because 37% of this treatment was not fully mature 96 d after sowing as a result of the slow
germination. Plants grown in the low input system were the most consistent in biomass,
suggesting that in a low input system plants have sufficient N for growth and development of
flowers, but insufficient N for luxury consumption which might have accounted for the higher
biomass of most plants in the organic high input system and the conventional high input system
when looking at Resina and Jelitto. Jelitto had the highest biomass in high input systems perhaps
because it was most able to make use of the higher levels of N supplied by these amendments.
The no input system produced plants which were understandably smaller than those in the other
systems (exception previously noted Alpha in conventional), because the N supplied by the soil
was insufficient for maximum growth, but was adequate for flower development. When plants
experience nitrogen deficiencies, they display reductions of growth (Chand et al. 2011;
Nourimand et al. 2012; Siddiqui et al. 2011). It was therefore noteworthy that there was no
difference in leaf area or dry biomass between plants produced in a high input system and a low
input system. This suggests that the plants were receiving sufficient nutrients from amended
soil—regardless of which amendment, but not from un-amended soil.
As the majority of calendula production for medicinal purposes is produced on dry land
acreages, the effect of water stress on growth and secondary productivity is of significance in
informing cultivar selection, as well as production systems that may be more resilient to water
stress or variable moisture regimes. As such, a suite of variables to characterize the impact of
water stress on plant growth and secondary compound production was measured. Leaf area was
measured at final harvest well after severe water stress treatments were induced. The majority
of growth occurred prior to severe water stress. Leaf area of water stressed plants was just over
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half those of non-stressed plants, and may be explained by severe wilting of water stressed leaves.
However, dry biomass of water stressed plants was only reduced by around 10% when compared
to non-stressed plants, a significant difference (Appendix B.2). This suggests the bulk of the
biomass of the plant was not from water in the plant tissue, it was rather from the dry matter of
the plant, which was the driving force for growth.
The effects of the severity of the water stress induced in this study are consistent with
literature investigating the effects of water stress on plant production. Gray et al. (2003) observed
that acute water stress does not reduce plant biomass, while that water stress resulting a
reduction of growth and presumably photosynthesis can be characterized as severe (Yordanov et
al. 2000). It was difficult to determine if plants continued to grow while stressed or if the water
stress slowed growth such that the biomass of water stressed plants should be compared to the
biomass of plants at initiation of water stress. Water stress was not initiated on these plants until
after the first flower harvest, so the biomass was not reduced as much as it might have been if
plants had been water stressed throughout the entire duration of the experiment. It may also be
that water stress has caused a reallocation of carbon leading to reduced growth in plants (de
Abreu and Mazzafera 2005; Nogues et al. 1998; Liu et al. 2011). In these instances, the
concentrations of secondary compounds increased with the decrease of biomass.
It is possible that water stressed plants simply ceased growing when the water stress
treatment was initiated, while the other plants were supplied adequate water and therefore
continued normal growth and produced more flowers than did water stressed plants. The effect
of water stress initiation on plant growth would be enriched by future work sampling leaf area,
biomass, and water potential over time to determine if the reduction of growth stopped or slowed
growth and if this would ultimately negatively impact the yield of essential oil.
The assessment of plant water potential was conducted to determine that there was a
significant difference between plants that were subjected to the water stress treatment and the
plants which were not intentionally water stressed. There was a significant difference, suggesting
that reducing the water applied to plants from field capacity to 40% of field capacity did indeed
cause water stress. The water potential of plants varied depending upon the amendment. This
might indicate that the amendment used can convey some resilience to water stress. The high
input conventional system was significantly more likely than the high input organic, the low
amendment and the no amendment systems to have been rated a 4, or having a water potential
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greater than 4 MPa. Plants grown in soil amended with either high input organic fertilizer or
compost did not have a significantly different probabilities of being ranked a 4. No input systems
produced plants that did not have a significantly different probabilities of being ranked a 4, but
they were less likely than organic high input systems to be ranked a 4. There might be some
resilience to water stress conveyed by the growing system used, but this experiment was neither
designed to measure degree of water stress nor to determine resilience to water stress.
The low input and no input systems produced more usable flowers for the analysis of
secondary compounds (primary and secondary flower pairs from the same plant) than did the
organic and conventional high input systems. The organic high input produced enough pairs to
be included in the analysis, but the conventional did not, which was perplexing as many studies
have shown that plants provided with increasing levels of nitrogen produced more flowers than
plants with a lower ration of nitrogen (Król 2011; Rahmani et al. 2011; Szwejkowska and Bielski
2012). While the organic high input system was included in the GC analysis, the flower quality
was much lower than that found in the low input and no input systems which appeared normal
while organic flowers appeared stunted and desiccated
The difference in leaf area between non-stressed and water-stressed plants was much
less marked in plants grown in the low input system (and to a lesser extent in the no input system),
showing only a 30% reduction in leaf area (or 42% in no input) instead of between 56% and 57%
in organic and conventional high input treatment, respectively. This might indicate that the low
input system provides plants more resilience to water stress, but further experimentation would
be required to determine this.
It was interesting to note that fresh biomass is significantly influenced by amendment x
drought interactions, but this interaction did not have an influence on the dry biomass of plants.
This might be due to the timing of the induction of water stress. Plants were “mature” or at least
in a flowering stage, so vegetative growth slowed. It might also be due to the amendment and
nutrient release influencing the type of structural materials that plant produces. This suggests
that the low-input treatments have a higher water content while the high input systems were
more lush and perhaps do not retain water as well.
Flower weight was assessed while conducting the analysis of secondary compounds. For
this reason, they include only the flowers which were chosen for this analysis i.e. the first and
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second flowers from the same plant grown in each combination of water stress, cultivar, and
system (excludes conventional) the weights of the flowers that were produced later in the season.
Flower number and weight varied by cultivar, which was not unexpected. Cultivars were
developed for different characteristics. Alpha had the largest flower weight, but the smallest
flower count. The poor germination of Alpha might have caused a delay in flowering resulting in
the lower flower count. The high weight of the flowers (especially the primary flower) could
almost make up for the diminished number of flowers, but this analysis was dependent upon the
characterization of both primary and secondary flower from the same plant. Jelitto was high
yielding in multiple senses of the word: it produced the largest number of flowers, and had the
second largest average flower weight (primary was larger and all secondary flowers were of
similar size). Flashback and Resina had moderate flower yield and the primary flowers produced
from these cultivars were not distinguished from the secondary flowers.
Water stress has been used in previous work to increase essential oil content and improve
quality in calendula flowers (Khalid and Teixeira da Silva 2010; Rahmani et al. 2011; Taherkhani et
al. 2011). In this work, severe water stress was induced when the first flower was fully open and
harvested. Although the effects on essential oil quality was enhanced, as discussed below, the
overall flower and bud count were reduced in water stressed plants, with water stressed plants
producing fewer secondary flowers that were approximately half the size of the non-stressed
secondary flowers. Additionally, there were twice as many buds on non-stressed plants at the
end of the experiment. Gray et al. (2003) hypothesized that the increase in concentration of
secondary compounds in floral tissues as a result of water stress may not make up for the loss of
tissue caused by water stress (Gray et al. 2003).
Irrespective of water stress, there were no differences based on amendment in flower
count during the 96 days of the experiment, so productivity in these first 96 days was similar
between systems, but potential productivity (measured by bud count 96 d after sowing) varied
significantly by amendment. Organic high input had the highest bud count per plant, which would
suggest that given additional time, there would have been differences in flower count as well.
Only the productivity of plants grown in unamended soil was significantly different from the
organic treatment, so as long as there was nutrient source applied, ultimate productivity might
not have been impacted by the type of amendment, although the nutrient supply in the soil was
depleted by the end of the experiment. Król (2011) observed that the flower yield of calendula
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increased with additional nitrogen fertilizer up until 80 kg-N·ha-1 after which there was no further
increase. Perhaps the high input organic had reached the optimum level of nutrients and the
others were slow in catching up, but further work would be necessary to determine the optimum
N-level.
High input systems flowered an average of 6 days later than their low/no input
counterparts. This extra time might have allowed for more vegetative growth which was reflected
both in dry biomass and the leaf area of the high input plants. Król (2011) observed that control
plants (without supplemental nitrogen) flowered in the shortest length of time while plants
receiving the most nitrogen took the longest time to flower. Despite the lag in time, high input
systems did not average fewer flowers over the course of the experiment, although there were
fewer first/second flower pairs to be included in the analysis of secondary compounds, which was
problematic and ultimately led to excluding the conventional high input system from this analysis.
A high C:N ratio in the sap of plants promotes flowering, while a low C:N ratio (caused by high
nitrogen availability) promotes vegetative growth (Bernier et al., 2002, Lejeune et al., 1991).
While there was no influence of growing system on stem N, higher levels of soil N is thought cause
increases in the N level of the sap (Pettipas et al., 2008). Stem N levels were determined only at
the final sampling date, long after flowering was initiated, so there might have been a difference
earlier in the experiment which either promoted flowering or vegetative growth. It is also possible
that the delay of plants in high input systems may indicate a lack of synchrony of nutrient release
with uptake, or could be the result of increased plant growth possible because of the increased
levels of N. All systems were nutrient limited at the end.
While the bulk of the volatile compounds are as yet unidentified, the obvious plant stress
compounds have been removed, leaving volatile compounds the bulk of which presumably come
from the volatile (essential) oil. The remaining area can be converted to concentration per gram
of flower weight) and act as a surrogate for total essential oil concentration. Flashback and Resina
have the highest concentrations of unknown compounds, which was somewhat surprising
because Flashback is an ornamental cultivar not an herbal. Resina in contrast in an herbal cultivar
advertised to have “high resin content”. Interestingly, Flashback and Resina had yellow flowers,
while Alpha and Jelitto had orange flowers. This would indicate an array of different pigments, or
pigments at different concentrations which are related to antioxidant capacity (Butnariu and
Coradini 2012). Water stress caused an increase in concentration of unknown compounds. This
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was slightly skewed because it combines secondary flowers with primary flowers, and water stress
was induced only after the harvest of the primary flower. Salt stress has been shown both to
increase the concentration of essential oil of calendula, and decrease the concentration of
pigments (Khalid and Teixeira da Silva 2010), which might suggest that water stress could cause a
similar effect. In this experiment we observed differences in secondary compound concentration
across the different cultivars, but not across growing system. Many experiments investigating
nutritional qualities of organic food compared to conventional food have shown that often, any
difference between the two growing systems were masked by the varietal differences (Brandt
and Molgaard 2001), so perhaps the influence of growing system was masked by the varietal
differences.
Secondary flowers have a higher concentration of unknown compounds than primary
flowers, an effect that has nothing to do with water stress (data not shown). The interaction
between water stress and flower order indicates that water stress causes an increase in
concentration of volatile compounds beyond that of the non-stressed secondary flowers. The
concentration of compounds produced by water stressed secondary flowers was 47% greater
than non-stressed secondary flowers and was almost 60% greater than that of primary flowers.
The induction of water stress causes significant increases in secondary compounds as has been
seen many times (Selmar 2008; Selmar and Kleinwaechter 2013; de Abreu and Mazzafera 2005;
Nogues et al. 1998; Liu et al. 2011). The concentration of compounds increases despite the
significantly lower biomass of water stressed flowers. This result is in accord with the findings of
Gray’s 2003 work, in which essential oil concentration was increased, the increase did not
outweigh the reduction of reproductive growth observed during periods of dry down (Gray et al.
2003). It would appear that the reduction of floral tissue does not impact the concentration of
compounds in calendula’s first two flowers.
One of the major components of calendula essential oil has been found to be α-pinene
(Okoh 2008)—an effective antioxidant—which in one case was shown to make up approximately
22.5% (%w/w) of the oil (Mishra et al. 2012). The concentration of α-pinene and the plant stress
compounds (hexanal, cis-3-hexenal, and trans-2-hexenal) varied significantly by cultivar, a trend
which often obscures the influence of production systems on the profile of secondary compounds
(Brandt and Molgaard 2001). Resina and Alpha were both bred for medicinal use and had the
highest concentration of α-pinene. Alpha’s concentration was not significantly different to either
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of Flashback and Jelitto, an ornamental cultivar and a cultivar of undisclosed origin sold as
medicinal. It would seem that while α-pinene concentration was enhanced in the medicinal
cultivars, it was an inherent part of the normal make up of calendula’s volatile profile. Alpha
generally had the lowest concentrations of the plant stress compounds (hexanal, cis-3-hexenal,
and trans-2-hexenal), but had one of the largest level of α-pinene, which might suggest that while
the total concentration of unknown compounds was smaller than that of the other medicinal
herb, the suite of compounds were enriched in compounds of therapeutic value rather than all
plant compounds. Resina and Jelitto share similar levels of hexanal while Flashback shares
similarity with them in terms of cis-3-hexenal concentration.

Resina had the highest

concentration of trans-2-hexenal.
Water stress increased the concentration of α-pinene by 44%, suggesting that other
essential oil components will also prove to be elevated in water stressed plants, this has been
observed many times in water stressed plants (Selmar 2008; Selmar and Kleinwaechter 2013; Gray
et al. 2003; de Abreu and Mazzafera 2005; Nogues et al. 1998; Liu et al. 2011). The concentration
of the more generic compounds also showed an increase in response to water stress. Both
hexanal and cis-3-hexenal are stress compounds so one would expect stressed plants to produce
more of them, as was the case here.
Secondary water stressed flowers are the first flowers harvested after water stress was
initiated. Therefore, they are the flowers to show any effect of water stress. Water stress induces
an increase in the concentration of α-pinene of 51% over the non-stressed secondary flower and
61% over the primary flowers. This increase was echoed in the concentrations of both hexanal
and cis-3-hexenal. While the concentration of compounds was increased, the weight of flowers
decreased. Both of these trends are in accord with the literature (Selmar 2008; Selmar and
Kleinwaechter 2013; Gray et al. 2003; de Abreu and Mazzafera 2005; Nogues et al. 1998; Liu et al.
2011).

Conclusions
The production of Calendula with a range of input levels demonstrated that while soil
inorganic N level may be significantly different in each of the systems, plant nitrogen content and
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growth are not affected if some amendment was added to the system (either high input or low
input). Water stress negatively impacts the growth and development of all plants, and it appears
that the high input systems produced plants that less resilient to water stress. Unlike previous
studies which examined the secondary compound production of only one cultivar, four cultivars
were trialed and differences were observed both between cultivars and between growth systems.
While input system did not influence the measured concentrations of secondary compounds, the
conventional high input system did not produce enough flowers to analyze secondary
compounds. Water stress induced an increase in the concentrations of secondary compounds,
while reducing both the number of flowers and buds and the size of water stressed flowers. The
concentration of essential oil in water stressed flowers appeared to be enhanced despite the
reduction in source tissue for the production of essential oil.
.
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Chapter Five: Conclusions
In order to achieve sustainability in floriculture, the challenges of nutrient, water, energy,
and chemical management must be addressed. There are multiple management practices used
to increase the sustainability of the green industry including Integrated Pest Management,
reducing the use of plastics, improving water efficiency, and organic production. Biodegradable
pots which perform similarly to plastic pots in terms of structural integrity and water budgeting
have yet to be developed, but current candidates are showing potential. Water efficiency is
becoming a more pressing issue as increasing seasonal drought have been impacting greater
areas. The use of organic production can be a more sustainable way of nutrient management.
Organic production requires that nutrient sources must be derived of plant, animal, or
low solubility mineral forms. One of the main challenges in an organic production system is the
management and synchrony of nitrogen release with periods of crop need. If periods of
mineralization do not correspond with critical periods of crop growth, the nitrogen can be lost to
the system causing the tri-fold problems of environmental contamination, loss of crop quality,
and the cost of the wasted nitrogen source. Depending upon the inputs to the system, an organic
production system can increase the sustainability of the operation, and still produce a high quality
crop.
The ornamental experiment was designed to investigate the nitrogen mineralization in
organic greenhouse substrates both from the starter charge and from supplemental liquid
fertilizer. Starter charge contributed different levels of inorganic N at the beginning, and the
mineralization of nitrogen from liquid fertilizer was not detected from supplemental fertilizer,
except in the substrate which had had the lowest level of nitrogen initially. The soil-based study
showed the highest mineralization of nitrogen from highly processed amendments.

The

conventional fertilizer contributed a relatively large amount of nitrogen immediately after being
incorporated with the soil, while the organic fertilizer had no more nitrogen available initially than
did the unamended soil. After 30 days, all of the systems experienced some mineralization; the
high input systems and the low input system showed a significant increase, while the unamended
soil was not significantly different from the baseline soil. The plants took up as much nitrogen as
was mineralized from the unamended soil. Water stress did not impact the inorganic nitrogen
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levels found in any of the systems. The different levels of inorganic N observed in each system,
both initially and over time are doubtless related to the differences in growth patterns of plants
growing in each system. The irony of this situation is that the “low-input” greenhouse substrate
had higher inorganic nitrogen than did the “high-input” substrates, while the low input soil system
had lower inorganic nitrogen than did the high-input systems.
Calendula is a useful crop to use as a model for sustainability in the floriculture industry
because of its diversity of function. Ornamental flowering calendula had the largest biomass and
flowered more often when grown either in the conventional system or in the organic substrate
with the highest initial level of nitrogen (OCP). Flowering was not influenced by the addition of
supplemental nitrogen, so the high inorganic nitrogen supplied from the starter charge increased
the flowering success of this flowering crop. The biomass and leaf area of calendula was greater
when grown in soil amended with a highly processed amendment than when grown in
unamended soil or soil amended with a low input nutrient source, but the flowering of plants in
the high input system was retarded, likely because of the higher levels of inorganic nitrogen and
the greater vegetative growth. This was so extreme in the case of conventionally fertilized
calendula that it was not included for analysis of secondary compounds. While water stress did
not influence the inorganic nitrogen of the soil, it did have a profound influence on the
productivity of plants. Water stress caused a reduction of plant growth indices, but an increase
in the concentration of secondary compounds including α-pinene. The biomass of calendula was
greater in systems with high inorganic nitrogen. This corresponded with an increase in overall
productivity in ornamental calendula, but a decrease in productivity of herbal calendula.
Future research is needed to guide industry towards increased environmental
sustainability in floriculture. The organic greenhouse industry would benefit from additional
studies which would determine if increasing levels of supplemental fertilization would increase
the productivity of the unsuccessful substrates used in this investigation. The liquid fertilizers
used in this investigation had different levels of micronutrients, which were ignored, but an
investigation that did focus on a suite of micronutrient, both in the plants and in the substrates
would be beneficial. It might also be advantageous to try incorporating granular organic fertilizers
into substrates as the starter charge was so beneficial in this case.
Organic herbal systems would benefit from more frequent soil extractions would give a
more realistic picture of the mineralization patterns in the soil-based system, and might find that
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water stress does indeed influence the nitrogen mineralization from organic sources. Further
investigation of the influence of nutrient source on the primary and secondary productivity of
calendula would benefit the field. It would be interesting to test degree of water stress on the
primary and secondary productivity of calendula.
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Appendix A

Appendix A.1 ANOVA for substrate inorganic nitrogen
Days after transplant
Averaged
over time

0

34

48

62

Substrate (S)

<.0001

<.0001

<.0001

0.0015

0.273

Fertilizer (F)

0.1987

0.4922

<.0001

0.0002

0.2881

Cultivar (C)

0.2349

0.0052

0.2148

0.4657

0.5673

Time (T)

<.0001

SxF

0.6814

0.1296

0.0001

0.004

0.0919

SxC

0.5078

0.0106

0.0668

0.8471

0.7121

FxC

0.8679

0.2197

0.1133

0.7079

0.4915

SxT

<.0001

FxT

0.7285

CxT

0.1286

SxFxC

0.9571

0.0606

0.0596

0.828

0.1209

SxFxT

0.6194

SxCxT

0.3177

FxCxT

0.5194

SxFxCxT

0.5573
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Appendix A.2 ANOVA for dry biomass
Days after transplant
Averaged
over time
Flashback

Alpha

34

48

62

Substrate (S)

<.0001

<.0001

<.0001

<.0001

Fertilizer (F)

<.0001

<.0001

<.0001

<.0001

Time (T)

<.0001

SxF

<.0001

0.1018

0.0115

0.0003

SxT

<.0001

FxT

<.0001

SxFxT

0.0010

Substrate (S)

<.0001

<.0001

<.0001

<.0001

Fertilizer (F)

<.0001

<.0001

<.0001

<.0001

Time (T)

<.0001

SxF

<.0001

0.2822

0.0494

0.0016

SxT

<.0001

FxT

<.0001

SxFxT

0.0132
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Appendix A.3 ANOVA for stem nitrate
Days after transplant
Averaged
over time
Flashback

Alpha

34

48

62

Substrate (S)

<.0001

<.0001

0.0002

0.0778

Fertilizer (F)

<.0001

<.0001

<.0001

0.0007

Time (T)

<.0001

SxF

0.0013

0.1313

0.0043

0.5218

SxT

0.0151

FxT

0.0001

SxFxT

0.4998

Substrate (S)

<.0001

<.0001

0.1483

0.4512

Fertilizer (F)

<.0001

<.0001

<.0001

0.0007

Time (T)

<.0001

SxF

0.0008

0.0016

0.1466

0.3267

SxT

<.0001

FxT

0.0002

SxFxT

0.2603
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Appendix A.4 ANOVA for days to first flower
Days to 1st flower
Flashback

Alpha

Substrate (S)

0.0936

Fertilizer (F)

0.0528

SxF

0.4216

Substrate (S)

0.2268

Fertilizer (F)

0.3522

SxF

0.7325

Appendix A.5 Analysis of maximum likelihood estimates for probability of plants flowering.
Chi-square

pr>Chisq

Intercept

2.596

0.1071

S-OCP

45.5945

<.0001

S-OPB

34.388

<.0001

S-OP

11.1466

0.0008

F-100

26.5965

<.0001

C-Flashback

0.1532

0.6955

77

Appendix B

Appendix B.1 ANOVA for total soil inorganic nitrogen (NO3--N + NH4+-N)
Total inorganic N
Averaged

0

over time

days after sowing

Block

0.5652

0.6884

0.0131

0.3222

Cultivar

0.2687

0.1153

0.0057

0.3944

Amendment

<.0001

<.0001

<.0001

0.011

Water stress

0.9724

0.6163

0.4484

0.6831

Timing

<.0001

Cultivar*Amendment

0.89

0.2508

0.4554

0.1721

Cultivar*Water stress

0.4982

<.0001

0.7382

0.2882

Amendment*Water stress

0.751

0.2702

0.2174

0.6619

Timing*Cultivar

0.9356

Timing*Amendment

<.0001

Timing*Water stress

0.9124

Cultivar*Amendment*Water stress

0.9868

0.0025

0.9034

0.5565

Timing*Amendment*Cultivar

0.992

Timing*Cultivar*Water stress

0.504

Timing*Amendment*Water stress

0.8442

Timing*Amendment*Cultivar*Water
stress

0.9042
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96

Appendix B.2 ANOVA for plant growth metrics
Leaf

Dry

Stem

Area

biomass Nitrate

Date of Bud

Flower

first

Count

Count

flower
Block

0.2619

0.2657

0.6851

0.0005

0.5657

0.0659

Cultivar

0.0001

<.0001

0.2766

0.7049

0.4692

0.0081

Amendment

0.0068

<.0001

0.2402

0.0016

0.0324

0.3514

nt

0.3518

0.0087

0.4514

0.4328

0.2056

0.3725

Water stress

<.0001

0.0105

ND

0.4328

<.0001

0.0056

0.9186

0.9679

ND

0.7808

0.1027

0.9909

0.0007

0.0875

ND

0.3979

0.0974

0.7116

0.2894

0.088

ND

0.7659

0.5317

0.1303

Cultivar*Amendme

Cultivar*Water
stress
Amendment* Water
stress
Cultivar*Amendme
nt* Water stress
ND: data not collected
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Appendix B.3 ANOVA for flower weight and GC
Concentration (ng/uL)
flower

Unknown

Hexanal

Trans-2-

weight

compound

Cis-3-

s

hexenal

α-pinene

hexenal

Block

0.3049

0.661

0.0981

0.5269

0.244

0.7987

Cultivar

<.0001

<.0001

<.0001

<.0001

<.0001

0.0068

Amendment

0.077

0.796

0.7755

0.5138

0.2682

0.5364

Cultivar*Amendment

0.1274

0.225

0.461

0.451

0.2075

0.3531

Water stress

0.0003

<.0001

<.0001

<.0001

0.1223

<.0001

Cultivar*Water stress

0.4516

0.218

0.7277

0.8306

0.2145

0.4116

Amendment*Water

0.9496
0.297

0.1471

0.9771

0.0623

0.1692

0.288

0.2382

0.9325

0.0378

0.8627

stress
Cultivar*Amendment

0.8841

* Water stress
Order

<.0001

<.0001

<.0001

<.0001

0.2616

<.0001

Cultivar*Order

0.0001

0.514

0.075

0.5803

0.998

0.6724

Amendment*Order

0.702

0.365

0.6615

0.703

0.5892

0.2177

Cultivar*Amendment

0.681
0.219

0.7532

0.7978

0.8196

0.1861

<.0001

<.0001

<.0001

0.4488

0.0004

0.378

0.8099

0.7087

0.5542

0.8924

0.290

0.2481

0.915

0.856

0.1658

0.575

0.8911

0.9359

0.9997

0.7566

* Order
Water stress*Order

0.3868

Cultivar*Water

0.8874

stress*Order
Amendment*Water

0.5809

stress* Order
Cultivar*Amendment
* Water stress*Order

0.7861
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